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IMTBODIjCTION 

Dissociation  and  ablation  phenomena.  In  view  of  their 
Importance  In  fast  developing  space  technology ,  are  being 
examined  by  many  groups  to  learn  more  about  their  nature. 
This  thesis  is  concerned  with  designing  an  experimental 
apparatus  to  obtain  reliable  heat  transfer  measurements  In 
a  dissociating  bounday  layer.  The  Iodine  wind  tunnel  and 
test  section  designed  as  a  part  of  this  thesis  are  believed 
to  be  a  unique  approach  for  obtaining  such  data. 

Preliminary  work  on  this  project  conducted  last  year 
led  to  the  choice  of  iodine  as  the  substance  best  suited  for 
dissociation  and  ablation  experiments.  The  scope  of  this 
thesis  is  limited  to  dissociation  experiments  but  the  ex¬ 
perimental  program  can  be  broadened  In  the  future  to  Include 
ablation  studies.  The  dissociation  reaction  for  Iodine  vapor 
la  simple  (l3-*21).  .^e  gas  stream  to  a  mixture 

Of  only  two  components.  The  degree  of  dissociation  In  the 
vapor  Phase  can  be  varied  between  0  and  90>,  within  reasonable 
ranges  of  temperature  (400»P  to  1600«P)  and  pressure  (1  to 
0.001  atmospheres),  both  the  physical  and  thermodynamic 
properties  of  Iodine  vapor  are  known.  ITie  disadvantages  of 

using  iodine  are  that  It  Is  seml-toxlc  and  extremely  corro- 
slve. 

Based  on  the  relative  advantages  and  disadvantages  of 
a  blow-down  and  closed  loop  system,  the  latter  was  chosen 
for  concentrated  analysis.  A  closed  loop  tunnel  to  be  ecn- 
atrueted  prlnelnally  of  corrosion  resistant  porcelain  coated 
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=teel  pipe  end  fittings  was  designed.  The  tunnel,  about 
ten  feet  high  and  three  feet  wide,  consists  mainly  of  si* 
inch  diameter  pipe  with  a  two  Inch  diameter  test  section, 
several  test  pieces  were  ,.de  to  test  various  seals  and  con¬ 
nections  for  use  in  the  low  pressure  tunnel  and  to  determine 
OW  various  materials  stand  up  m  an  Iodine  atmosphere. 

In  the  test  section,  the  nethod  of  measuring  the  heat 
ransfer  to  the  gas  will  be  through  the  electrical  Input  to 
heater  elements  wound  around  the  tube  which  contains  the 
odlne  flow.  By  controlling  the  value  of  the  Inside  tube 
wall  temperature  and  by  varying  the  pressure  level  In  the 

tunr,el,  various  degrees  of  dissociation  may  be  obtained  at 
the  gas-tube  wall  interface. 

This  thesis  consists  of  the  following  major  parts 
Which  deal  with  the  above  mentioned  apparatus  m  detail: 

(I)  determination  of  a  closed  loop  tunnel  design  In  prefer¬ 
ence  to  a  olow-dcwn  system;  (II)  test  section  design,  analy¬ 
sis  and  instrumentation;  (111,  design  of  the  closed  loop 

wind  tunnel;  (iv,  proposed  test  procedure  and  presentation 
Of  results. 
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PRELIKINAHY  DESIGN 
A,  SWK  OP  EXPERIKF;TJTg! 

^  Onoe  the  worhlr^  subatatce.  Iodine  vapor,  for  able- 
tlon  ana  dlsaoclatlon  experiments  had  been  chosen.  It  was 
necessary  to  define  the  scone  of  experiments  to  be  s.de. 
The  properties  of  Iodine  vapor  are  presented  In  Appendix 
.  -  review  of  all  Possible  experiments  that  might  be 
conducted  m  an  ablation  and  dissociation  study  was  pre- 

eented  by  Eastman  (DvanH  io 

I  iiand  Is  reviewed  In  Table  I  on  the 

followlr*  page.  It  became  apparent  that  one  piece  of  appa- 
ratus  that  could  be  used  to  s^he  all  these  experiments 
would  be  impractical  at  this  time.  It  was  decided,  there- 
Toce,  to  limit  the  Initial  program  to  an  experimental  In¬ 
vestigation  of  the  effect  of  varying  degrees  of  dlssoelatloi 
on  heat  transfer  rates  between  Iodine  gas  In  laminar  flow 
and  a  test  section  or  model  at  a  different  temperature. 

The  dissociation  reaction  for  Iodine  vaoor  Is  I,*2i 
Although  the  present  design  has  been  done  on  the  basis 

Of  this  Objective,  it  s.y  be  possible  to  modify  the  app,ra- 

to  ret  "  «perl»ents.  it  Is  desirable 

of  th  *  ''*P®''lmental  results  to  Increase  our  knowledge 
the  effect  of  chemical  reactions  on  heat  transfer  before 

any  modifications  or  additions  are  Planned. 

Wbers  In  parentheses  refer  to  Items  In  Bibliography. 
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TABLE  I 

S..»ry  Of  Wosoclatloo  o„d  Ablatioo  Experl^.ts 

ture  Of  U  the  teopera- 

erature  of  the  tept  ^0110^%^???,^'^°?'  the  tfop! 

Sr  and  Po  L  ‘'’®  heat-trSns- 

e»e  floNlne  Ih  the  teot  aectlonr  ^  *  Preseurc  of  the 


Inert 


To  >  Tw 


Inert 


To<Tw 


Inert 


To>  Tw 


Is+I 


Iz  solid  To>Tw 


Di.SCRIPTlON  OP  TEST 

To  and  Po  such  as  to 

Check 

fluid  flew  and  heat« 
t^rsfer  characteris¬ 
tics  of  an  Is  gas  lam¬ 
ina  x  oouTidary  layer* 

and  Po  such  as  to 
supply  Is  gas  to  the 
test  section,  Tw.To 
and  Po  can  be  varied 
so  as  to  give  varied 
aegrees  of  laminar  boun< 
ary  layer  riissociatlon 
ana  study  effects  on  ' 
heat-transfer  rate. 

To  and  Po  such  as  to 

test  section  surface 
cool  so 

that  the  effects  of 
loalne  recombination 
n  the  heat-transfer 
rate  can  be  studied. 

To  and  Po  such  as  to 

l^^fi  e^s.By  vary¬ 
ing  flow  properties 

the  test 

surface  the  sub¬ 
limation  rate  can  be 
contrdled  and  the  effects 
on  heat-transfer  studied. 
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TABLE  I  (oont 

TEST  SECTION 
WALL  MATERIAL 

Is  solid 

Is  solid 


) 

RELATION  OF  TEST 

To  to  Tw  GAS  E>ESCRI?TI0N  OP  TEST 


To>  Tw 


To>  Tw 


Is+I 


Inert 


To  and  Po  such  as  to 
supply  a  mixture  of  la 
plus  I  gas, The  effects 
of  dissociation  and 
sublimation  on  heat 
transfer  can  be  invest! 
gated. 

Control  Tw  such  that 
test  section  surface 
sublimes  and  diffusing 
gas  dissociates  in 
laminar  boundary  layer. 
and  effects  on  heat 
transfer  studied. 


B.  VggBUS  CLOSED  LOOP  TUNjjEL 


1-  Intrcduot.irtn 

Two  basic  experl^ntal  cor^lgoratlcns  ware  considered 
ror  the  test  prcgra..  They  were  a  blow  down  tunr.el  and  a 
Closed  loop  turoel.  The  final  decision  to  use  a  closed  loop 
tm»el  was  based  or.  the  relative  advantages  and  disadvan¬ 
tages  Of  the  two  different  tunnel  types  and  of  the  test 
sectlor.s  that  slight  be  used  In  each  case. 

Several  things  would  be  co.non  to  both  tunnels.  Be- 

cause  of  inaterlal  capabilities.  It  Is  advl^«Ki  ^ 

>  ic  IS  advisable  to  restrict 

the  ^.l^„  operating  temperature  to  ISOC.  (approximately 

10^-K,.  Pi,u.o  1,3.  appendix  h.  indicates  that  at  tempera- 

^ures  .p  to  this  value,  and  at  pressures  between  1.0  to 

.001  atmospheres,  the  mole  fraction  of  hi 

action  of  dissociated  Iodine 

ranges  between  0  and  .85. 

The  maximum  velocity  In  the  test  sectlo.n  should  he 

lotted  to  approximately  loo  feet  Per  second,  which  at  450»1. 

corres.oonas  to  a  ftach  number  of  0.2,  thus  allowing  the  flow 

.0  considered  Incompresslhle.  This  Is  desirable  hecause 

high  speed  flow  Is  more  difficult  to  obtain  and 

,  oDTain,  and  experlmen- 

evaluatlon  of  compressible  flow  would 

^  complicated 

tnan  incompressible  flov  , 

•  a  ^ch  number  of  0.2  or  less 

tn.,  static  pressure  Is  wlt'Viiw  .i-v 

j  stagnation  pressure, 

t  Is  also  desirable  to  keep  the  flow  m  th« 

^  in  the  apparatus  in 

tne  laminar  region 

gion.  since  If  theoretical  expressions  are 

Idter  to  be  developed  to  compare  with  th« 

P  re  with  the  experlirental  data. 
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this  is  possible.  If  at  all,  only  for  la-lnar  flow.  Conse¬ 
quently  the  dlsMter  Boynolds  number  ibra  tube  Is  restricted 
to  appronlnately  2300  or  less,  and  the  length  Eeynolds  hum- 
ber  for  a  model  has  a  maximum  value* 

The  velocity,  diameter  Reynolds  number,  and  mass 
flow  rate  of  Iodine  rapor  (1,)  m  a  two  Inch  diameter  tube 
are  tabulated  at  different  pressure  levels  in  Table  II  on 
the  following  page.  The  first  tabulation  Is  for  an  Iodine 
temperature  of  -  b00»f.  {  44  0«F)  and  the  second  Is  for  a 
temperature  of  IL00®K  (1520°P)* 


2»  ^low-.Pown  System 

A  schematic  diagram  of  a  possible  blow-down  system 
is  Shown  on  p,  9  m  Figure  1.  m  the  boiler  iodine  vapor 
is  generated  from  solid  Iodine  and  then  heated  to  lOOQOF. 
The  hot  iodine  vapor  then  enters  a  test  section  where  heat 

e-.nsfe.6d  from  the  Iodine  to  the  tube  walls.  After  the 

iodine  vapor  leaves  the  test 

test  section.  It  must  be  condensed 

or  resolidified* 


The  advantages  of  a  blow-down  system  are  that  experl- 
mental  runs  would  be  of  short  duration  and  that  lodlr.e 
contamination  would  not  be  as  critical  as  It  Is  In  a  recir¬ 
culating  system.  Contamination  Is  to  be  avoided  since 
meaningful  Interpretation  of  dlssoelatlon  test  results  can 
only  be  made  If  all  tests  are  conducted  with  pure  Iodine 
gas.  Contaminants  would  alter  the  mean  gas  properties  to  an 
unknown  value.  This  system  would  also  be  easier  to  use  for 
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Plow  Characteristics  For  2*  Diameter  Tube 


T  =  500 OK  f440°g; 
He  =  Reynold's  No, 
v(ave.vel.)  ft/sec 


P 

(atm) 


1.0 

a 

.01 

.001 


-1»800  418,000 

418  4,180  41,800 

42  418  4,180 

“^•2  42  418 


W  =  Plow  Rate  (#/Hr) 
v(ave.vel.)  ft/sec 


1 

10 

100 

1.0 

'll 

30,4 

304 

3040 

p 

•  1 

3,04 

30,4 

304 

(atm) 

.01 

.30 

3.04 

30.4 

.001 

,03 

.30 

3,04 

P 

(atm) 


^-r-.llQ0**K  (ifipnog) 
Re=  Reynold  *s  No. 
v(ave.vel.)  ft/sec 


1 

1.0  907 

a  91 

.01  9 

.001  .9 


10  100 
9070  90700 

907  9070 

91  907 

9  91 


P 

(atm) 


W  =  Plow  Hate  (#/Hr) 


V  (ave.vel.) 
1 

1.0  13.8 

a  1.38 

.01  ,14 

•001  ,01 


ft/sec 
10  100 
138  1380 

13.8  138 

1.38  13,8 

•14  1,38 


BEST  AVAILABLE  COPY 


10 


subllRiatlori  experiments  than  a  closed  loop. 

The  disadvantages  of  a  blow-down  system  are  that 
It  would  be  difficult  to  obtain  steady  state  results  be¬ 
cause  of  the  limited  duration  of  test.  Keeping  the  iodine 
flow  into  the  test  section  constant  would  be  difficult 
with  a  small  boiler.  The  condenser  size  required  to  con¬ 
dense  or  resolidify  the  iodine  vapor  after  the  test  section 
would  have  to  be  prohibitively  large  because  of  the  low 
heat  transfer  coefficients  obtalr^ble  with  iodine  due  to 
its  low  thermal  conductivity  (has 0.1  for  typi¬ 

cal  flow  rates  -  see  page  23  ) .  This  large  condenser  would 
have  to  be  constructed  of  corrosion  resistant  materials 
for  use  with  iodine,  large  amounts  of  iodine  would  be 
required  for  the  operation  of  tnls  system.  For  a  run  of 
an  hour's  duration  using  iodine  gas  at  1500°F  with  the 
Reynolds  Number  of  2300  in  a  two  inch  diameter  flow  tube 
would  require  a  batch  of  approximately  30  poimds  of  iodine. 
Since  tests  in  a  blow  down  tunnel  are  batch  processes,  the 
capacity  of  the  boiler  and  the  condenser  collector  must 
be  increased  if  the  desired  running  time  is  increased. 

In  considering  the  test  section  for  a  blow-down 
system,  it  appears  that  the  tube  walls  alone  would  have  to 
be  considered  as  the  model  (l.e.  internal  flow)  because 
cooling  any  model  placed  in  the  flow  would  be  extremely 
difficult  and  the  cross  sectional  area  of  the  test  section 
would  have  to  be  increased  to  insert  a  model  in  it.  This 
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would  necessitate  larger  flow  rates  and  make  the  boiler 
and  condenser  collector  difficulties  worse. 

The  amount  of  heat  transfer  from  iodine  at  1000®P 

to  the  walls  of  a  two  inch  diameter  tube  3  feet  long  at 

500®  is  given  by  q  =  hAAT.  If  the  flow  is  laminar  the 

the  heat  transfer  coefficient  is  approximately  0.1  _ 

hr  ft  ®P 

therefore  q  80  Btu/hr,  This  heat  transfer  in  the  test 
section  would  be  determined  experimentally  by  measuring  the 
heat  transfened  from  the  tube  walls  to  a  cooling  fluid. 

The  heat  transferred  to  the  fluid  is  q  =  w  CpAt,  For  the 
order  of  magnitude  of  q  expected,  the  product  of  wAt  for 
the  fluid  would  be  too  snail  to  get  accurate  heat  transfer 
measurements.  Experimental  difficulties  would  be  present 
because  of  conduction  heat  losses  along  the  tube  and  other 
losses  through  insulation.  These  losses  could  not  be  elim¬ 
inated  completely  for  an  unsteady  state  test.  The  relative 
magnitude  of  the  total  heat  transfer  from  the  iodine  com¬ 
pared  to  the  losses  mentioned  is  not  high  enough  to  get 
reliable  experimental  results.  To  get  more  heat  transfer 
from  the  iodine  by  increasing  the  inside  heat  transfer 
coefficient  to  approximately  10  would  require  a  Reynolds 
number  of  114,000.  The  velocity  in  the  test  section  for 

this  Reynolds  number  would  have  to  be  equal  to  130/o 

^  sec  * 

Inhere  p  is  the  iodine  pressure  in  atmospheres.  If  the 
restriction  of  Incompressible  flow  Is  to  remain,  the  velo¬ 
city  could  not  exceed  approximately  125  •  Therefore 
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experimental  runs  could  not  be  made  for  iodine  pressures 
less  than  one  atmosphere.  From  the  ctand^polnt  of  disso¬ 
ciation  this  Is  impractical* 

The  disadvantages  of  a  blow  down  system  are  such 
that  they  outweigh  Its  advantages.  A  closed  loop  system 
Is  more  practical  and  does  not  have  as  many  disadvantages, 
3.  Closed  Loop  3y s t em 

A  schematic  diagram  of  the  final  closed  loop  tunnel 
is  shown  in  Figure  2  on  the  following  page.  It  consists  of 
six  Inch  piping  through  which  iodine  vapor  Is  circulated 
continuously,  entering  as  a  cool  (250-4 50 ®P)  gas  into  a 
test  section  whose  surface  Is  at  higher  temperatures.  To 
operate  a  closec  loop  system  the  apparatus  must  first  be 
evacuatea  with  a  vacuum  pump.  The  apparatus  Is  then  heated 
to  a  sufficiently  high  temperature  to  keep  iodine  a  vapor. 
Iodine  vapor,  generated  in  a  boiler,  is  then  allowed  to 
eiiter  the  apparatus.  A  fan  in  the  system  recirculates  the 

gas  throi;gh  the  test  section  and  around  the  rest  of  the 
loop. 

The  advantages  of  a  closed  loop  are  that  the  iodine 
capacity  is  low,  that  steady  state  operation  is  possible, 
and  that  a  condenser  is  needed  only  for  periodic  emptying 
and  not  during  experimental  runs.  Because  of  sealing  pro¬ 
blems,  the  circulating  gas  must  be  at  a  relatively  low 
temperature  while  the  test  section  walla  or  model  are  at  a 
high  temperature.  The  disadvantage  associated  with  this 
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is  that  sublimation  experiments  would  be  difficult  to  per¬ 
form  because  time  is  required  to  reach  steady  state, and 
the  upper  temperature  limit  of  the  circulating  gas  would 
limit  sublimation  rates.  Difficulties  could  arise  because 
any  corrosion  product  or  other  contamination  of  the  iodine 
vapor  that  exists  would  accumulate  and  be  recirculated, 

Air  leaKage  into  the  system  must  be  completely  eliminated 
or  it  will  build  up  when  the  apparatus  is  running.  It  is 
expected  sealing  difficulties  will  p'resent  one  of  the 
major  problem  areas  for  a  closed-loop  system. 

Two  basically  different  types  of  test  sections  were 
proposed  for  use  in  the  closed  loop  tunnel,  one  being  a 
model  in  a  free  jet  and  the  other  being  internal  flow. 

Two  different  model  shapes  for  a  free  jet  test  sec¬ 
tion  were  considered.  The  first  model  considered  was  a 
flat  plate.  The  design  shown  below  in  Figure  3  indicates 
how  the  plate  would  be  placed  in  a  jet  from  a  2*  nozzle  and 
protected  by  guard  heaters  to  minimize  radiation  losses. 


Figure  3 


TABLE  III 


Btu  xwlth  S®AT  Be- 
Hr  Hween  Model  and 
Wall  Shield 


2140 

1294 

.312 

7.15 

5,5 

428 

259 

.140 

3.21 

5.5 

43 

26 

.004 

1.01 

5.6 

The  results  of  heat  transfer  calculations  for  a 
1x3  Inch  plate  Inserted  In  a  free  jet  are  shown  above 
in  Table  III,  The  heat  trar^sfer  rates  tabulated  are  for 
one  side  of  the  plate.  The  heat  transfer  by  radiation  is 
calculated  assuming  a  5®F  temperature  difference  between 
the  model  surface  and  the  giaard  heater.  Sample  calculations 
are  presented  in  Appendix  Bl,  The  results  indicate  that 
the  magnitude  of  the  radiation  heat  transfer  is  the  same 
as  that  of  the  convective  heat  transfer.  Consequently 
reliable  results  could  only  be  obtained  if  model  and  guard 
heater  temperatures  could  be  controlled  to  within  one  degree. 
At  temperatures  af  1500®P  such  accuracy  would  be  quite  diff¬ 
icult. 

Using  a  cone  as  a  model  was  also  considered.  Approxi¬ 
mately  the  same  relations  exist  between  convective  and 
radiation  heat  transfer,  except  that  there  is  additional 
radiation  out  the  ends.  Except  for  this  fact  a  cone  shaped 
model  would  be  preferable-  over  a  flat  plate  because  its 


REjj  2"  RE^=3"  ^^HrPP^P^  Hr  ^ 
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symmetry  eliminates  edge  effects. 

An  internal  flow  test  section  utilizes  the  tube  walls, 
through  which  the  iodine  flows,  as  the  test  model.  In  con¬ 
sidering  this  type  of  test  sectlon^flow  between  parallel 
plates  and  flow  in  a  tube  were  considered.  Tube  flow  is 
preferable  to  flow  between  parallel  plates.  When  two  paral¬ 
lel  plates  are  heated  separately,  their  temperatures  may 
differ  and  radiation  heat  transfer  between  the  plates  will 
occur.  This  radiation  heat  transfer  wouH be  xmdesirable, 

In  the  ease  of  a  tube  there  is  axial  symmetry  and  no  net 
radiation  heat  transfer  will  occur  between  different  parts 
of  the  oube  if  all  are  the  same  temperature. 

Flow  in  a  tube  was  the  primary  type  of  internal  flow 
considered  because  of  its  symmetry  and  relative  lack  of 
radiation  heat  transfer  difficulties.  It  was  investigated 
because  it  was  expected  that  by  using  appropflate  insulation 
and  shielding  techniques,  the  heat  transfer  to  the  disso¬ 
ciating  iodine  vapor  could  be  determined  without  expecting 
too  large  an  error  due  to  other  modes  of  heat  transfer  (l.e. 
radiation  and  conduction  losses),  A  detailed  description 
of  the  final  tubular  test  section  design  is  presented  In 
the  following  section, 

4,  Conclusion 

The  feasibility  of  the  closed  loop  system  and  the 
relative  lack  of  difficulties  associated  with  it  compared 
to  the  blow-down  system  prompted  the  choice  to  concentrate 
further  effort  on  the  closed  loop  tunnel.  In  this  closed 


17 


loop  system  It  appeared  the  malTi  difficulty  would  be  sealing 

effectively  to  prevent  leakage  and  contamination,  but  It 
was  felt  this  could  be  overcome* 
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II,  TEST  SECTION  DESIGN 
A,  HEAT  TRANSFER  ANALYSIS 

In  the  previous  section  it  was  stated  that  meaning¬ 
ful  experimental  results  could  be  obtained  for  a  test  section 
based  on  internal  tube  blow.  A  schematic  diagram  of  this 
type  of  test  section  is  shown  in  Figure  4  on  the  following 
Page.  Heat  transfer  to  the  iodine  vapor  will  be  measured 
by  measuring  the  electrical  heating  input  to  the  heaters 
stationed  along  the  test  section  length.  Heat  transfer 
losses  other  than  the  heat  transferred  to  the  iodine  will 
be  shown  to  be  of  relatively  small  magnitude.  These  addi¬ 
tional  heat  transfer  modes  are:  (a)  radiation  out  the  ends 
of  the  two  inch  diameter,  three  foot  long  tube  containing 
the  flow,  hereafter  referred  to  as  the  test  tube;  (b)  axial 
heat  conduction  from  the  high  temperature  test  tube  to  the 

lower  temperature  nozzle  and  diffuser;  and  (o)  radial  con¬ 
duction  between  the  test  tube  and  the  guard  heater. 

The  appropriate  control  of  these  three  possible  loss¬ 
es  will  be  accomplished  by:  (a)  considerlr-g  the  middle  foot 
of  the  three  foot  test  tube  as  the  test  data  section,  there¬ 
by  reducing  radiation  losses  out  the  two  ends  of  this  center 
test  data  section  to  negligible  amounts;  (b)  supplying 
additional  power  to  the  erjd  heaters  of  the  test  tube  so 
that  the  test  tube  wall  temperature  is  maintained  at  the 
desired  constant  value  along  its  length  despite  axial  losses 
at  the  ends  by  conduction,  thereby  reducing  axial  conduction 
at  the  center  test  data  section  to  zero;  (c)  installing  a 


guard  heater  and  insulation  around  the  test  tube  along 
its  entire  length,  thereby  reducing  radial  conduction  to 
a  sufficiently  small  smount. 

The  schematic  diagram  of  the  test  section  in  Figure  4 
indicates  the  positioning  of  the  inner  tube,  guard  heater, 
and  outer  wall.  A  nozzle  increases  the  Reynolds  numbers 
from  the  6  inch  diameter  pipe  to  the  test  tube,  and  a  diffuser 
is  used  at  the  exit  to  decelerate  the  flow  with  mlnimjim 
pressure  loss. 

Heating  elements  attached  to  the  outer  siorface  of 
the  2  inch  test  tube  will  be  capable  of  keeping  the  inside 
wall  temperature  along  the  three  foot  length  at  any  desired 
value  between  430®F  and  1500®F,  Similar  heating  elements 
will  be  installed  on  the  guard  heater  tube  surrounding  the 
test  tube.  Insulating  material  between  the  walls  will  hold 
radial  conduction  losses  to  a  minimum  value  limited  only 
by  the  ability  to  hold  the  guard  heater  and  test  tube  temp** 
eratiires  at  the  same  Vaiuet-  r 

Calculations  for  the  different  heat  losses  out  of 
the  test  data  section  are  shown  in  Appendix  B2,  These 
calculations  are  made  for  the  highest  wall  temperature 
(1500®P)  and  an  entering  iodine  temperature  of  450®F,  The 
radiation  heat  loss  from  the  middle  one  foot  section  is 
approximately  3  /  hr,  out  each  end.  The  axial  conduction 

heat  loss  out  of  this  middle  foot  should  be  zero  because 
the  end  parts  of  the  test  tube  will  be  at  the  same  temperature. 
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Tiie  axial  conduction  loss  out  of*  each  on©  foot  end  section 
of  the  test  tube  Is  approximately  420  hr.  The  radial 

Conduction  loss  to  the  gufird  heater  is  negligible. 

The  radiation  loss  out  of  the  test  tube  as  a  function 
of  distance  along  the  tube  is  plotted  in  Figure  5  on  the 
following  page.  This  plot  is  for  a  test  tube  wall  tempera¬ 
ture  of  1500®P  radiating  to  surfaces  at  400®F,  Since  the 
radiant  heat  transfer  Is  proportional  to  the  temperature 
to  the  fourth  power,  It  drops  quickly  as  the  test  tube  wall 
temperature  Is  reduced.  The  graph  of  radiation  heat  trans¬ 
fer  vs.  distance  along  the  tube  makes  It  obvious  that  con¬ 
siderably  more  power  will  have  to  be  put  Into  the  heaters 
at  the  ends  of  the  test  section  to  keep  the  wall  temperature 
at  1500«P. 

The  convective  heat  transfer  to  the  iodine  vapor 
In  the  test  tube  Is  the  quantity  which  must  be  measured, 
accurately.  This  value  must  be  large  compared  to  the  Other 
heat  transfer  losses.  The  convective  heat  transfer  from 
the  test  tube  data  section  to  the  iodine  vapor  is  plotted 
versus  diameter  Reynolds  number  in  Figure  6  on  page  23  for 
a  wall  temperature  of  1500®F  and  an  entering  gas  temperature 
of  450®P,  The  average  Inside  heat-transfer  coefficient 
for  this  section  Is  also  shown  on  the  graph.  Sample  cal¬ 
culations  for  the  results  used  to  make  these  plots  are 
shown  in  Appendix  Bg,  All  calculations  are  made  for  pure 
l2  vapor.  The  possible  effect  of  dissociation  is  presented 
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later,  l‘he  convective  heat  transfer  In  the  test  data  sec¬ 
tion  calculated  for  the  given  case  is  between  40  and  70  ^^'^/hr. 
The  calculatioiic  for  the  heat  transfer  rates  at  low  Reynolds 
numbers  are  not  exact  because  the  temperature  difference 
used  is  approximate.  The  actual  temperature  difference 
will  be  somewhat  smaller  than  that  used.  Consequently  the 
actunl  heat  transfer  at  low  Reynolds  numbers,  before  con¬ 
sidering  dissociation  effects  will  be  less  than  that  shown 
in  Figure  6,  Although  the  absolute  value  of  the  predicted 
convective  heat  transfer  is  not  exact,  its  magnitude  is 
considerably  larger  than  that  of  the  radiation  and  conduc¬ 
tion  losses.  Consequently  reliable  data  and  results  can  be 
obtained  from  this  test  section. 

The  effect  of  dissociation  on  the  heat  transferred 
to  the  iodine  vapor  should  be  to  Irxjrease  it.  The  heat 
of  dissociation  for  iodine,  the  heat  of  reaction  for 
is  approximately  37,000  calories  per  gram  mole  or  260  ®^Vlb* 
Consequently  more  heat  must  be  added  if  dissociation  occurs. 

An  accurate  theoretical  prediction  of  the  effect  of  iodine 
dissociation  on  heat  transfer  is  beyond  the  scope  of  this 
thesis.  An  approximate  calculation  of  this  effect  is  pre¬ 
sented  in  Appendix  B3.  This  calculation  is  made  for  a  test 
tube  wall  temperature  of  ISOOop,  a  free  stream  iodine  temp¬ 
erature  of  450op,  and  an  iodine  pressure  of  0,01  atmospheres. 

The  calculation  is  made  on  the  basis  of  a  report  by  E&vid 
Altman  and  Henry  Wise  (2).  The  heat  transfer  with  dissociation 
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is  predicted  to  be  about  10  times  the  heat  transfer  that 
would  occur  if  there  wereno  dissociation.  The  accuracy 

of  this  calculation  is  questionable,  but  it  shows  that 
the  effect  of  dissociation  on  heat  transfer  should  be  large 
enough  to  be  experimentally  measurable. 

The  methods  for  obtaining  different  amounts  of  dis¬ 
sociation  in  the  experimental  apparatus  are  presented  in 
Section  IV, 

An  estimate  of  the  total  power  input  to  the  test 
section,  including  test  tube  and  gxiard  heater  was  made. 

This  calculation  is  shown  in  Appendix  B2,  The  maximum 
total  power  requirement  is  approximately  1  KW,  Of  this 
the  major  portion  supplied  is  to  the  test  tube  ends, 

B.  CONSTRUCTION  AND  INSTRUMENTATION 

Once  it  was  decided  that  the  test  section  configur¬ 
ation  would  make  meaningful  heat  transfer  measurements  possl 
ble,  the  next  step  was  to  accomplish  the  physical  construc¬ 
tion  and  instrumentation  of  such  a  test  section. 

For  reasons  that  are  explained  in  Section  III,  it 
is  necessary  that  all  surfaces  of  the  test  section  that 
may  be  in  contact  with  iodine  vapor  be  porcelain  coated. 
Because  the  temperature  of  the  test  section  must  go  as  high 
as  1500®P,  the  Bettlnger  Corporation,  a  porcelain  coating 
company  in  Kllford,  Massachusetts,  recommended  that  the 
material  for  the  test  section  be  type  316  stainless  steel. 
Accordingly  the  two  inch  diameter  test  tube  and  the  nozzle 
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fj  diffuser  for  the  test^have  been  obtained  In  this  mater- 

I ' 

I  ial.  Two  standard  6x2  Inch  stairJLess  steel  reducers  were 

purchased  and  will  be  machined  to  Improve  the  Inside  con¬ 
tours  for  use  as  a  nozzle  and  a  diffuser.  The  nozzle  and 
dll  fuser  will  be  welded  to  the  test  tube  with  a  100%  weld. 
The  irxside  surface  will  then  be  machined  to  remove  any 
Irregularities  that  would  disturb  the  flow  in  the  test  tube. 

The  guard  heater,  a  five  inch  diameter  steel  tube, 
must  be  cut  in  half  along  its  length  because  it  cannot  be 
Installed  around  the  test  tube  until  the  test  tube,  with 
nozzle  and  diffuser  attached,  is  porcelain  coated.  An  assem. 
bly  drawing  of  the  test  section  including  the  guard  heater 
and  outer  shell,  is  presented  in  Appendix  Cl.  The  outer 
shell,  which  is  to  be  kept  at  the  same  temperature  as  the 
6  inch  tunnel  pipir^;  (250^  -  450op)  is  to  be  assembled  In 
the  same  manner  as  the  guard  heater. 

After  the  test  tube  Is  porcelain  coated,  nlchrome 
heater  wires  will  be  wound  around  the  tube.  These  heater 
wires  will  be  in  spiral  grooves  or  threads  machined  in  the 
outside  of  the  2  inch  diameter  test  tube.  Because  of  the 
varying  power  requirements  needed  along  the  test  tube,  sep¬ 
arate  heater  elements,  each  covering  a  2  inch  length  of  the 
tube,  must  be  installed.  The  maxlmxim  power  requirements 
needed  are  plotted  versus  distance  alor^  the  tube  in  Figure  7 
on  the  following  page.  The  magnitude  of  the  heat  transfer 
to  the  gas  is  shown  by  two  lines,  one  for  tne  value  expected 
based  on  la  properties  and  without  making  allowance  for 
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dissociation,  and  the  other  allowing  an  additional  100^ 
for  dissociation  effects.  The  power  to  each  separate  heath¬ 
er  installed  along  the  test  tube  will  be  controlled  with  a 
varlac. 

The  heater  wires  for  the  guard  heater  will  be  install¬ 
ed  and  controlled  in  the  same  way. 

Since  it  is  desired  to  maintain  the  test  tube  and 
guard  heater  tube  at  the  same  temperature  during  experiments, 
thermiocouples  will  be  installed  in  the  walls  of  the  test  tube 
130°  apart  and  at  twc  inch  Intervals  along  the  tube,  Ther- 
aocouples  will  be  Installed  in  similar  positions  on  the  inside 
wall  of  the  guard  heater  tube,  Curing  experiments  the  power 
input  to  the  separate  heaters  can  be  adjusted  until  the  test 
tube  and  guard  heater  tube  are  the  same  t**  aperature  at  all 
positions. 

The  outside  surfaces  of  the  test  tube  and  guard 
heater  tube  will  be  porcelain  coated  before  the  nlchrome 
neater  wires  are  wound  around  them.  This  coating  will  pro¬ 
vide  electrical  Insulation  between  the  wires  and  the  tubes. 

An  expensive  alternative  solution  would  be  to  purchase  a  type 
of  insulated  heater  elements.  The  cost  of  these  alternative 
"Aeropak“  heaters  would  be  approximately  #1200  for  use  on 
both  test  tube  and  guard  heater. 

The  thermocouples  Installed  in  the  test  tube  walls  will 
be  inserted  into  small  holes  drilled  from  the  outside  to 
within  approximately  0,05  inches  of  the  inside  surface, 

"Sauerlzlng"  compound,  a  high  temperature  cement^  will 
be  applied  over  the  whole  outside  surface  of  the  tube.  The 


thermocouples  ar.d  heater  wires  will  be  permanently  held  In 
place  by  this  cement.  The  thermocouple  leads  and  the  heating 
element  leads  will  be  covered  with  small  porcelain  tubes  to 
prevent  any  possible  contact  with  the  guard  heater  or  outer 
shell,  ihe  location  of  these  protective  insulating  tubes 
can  be  seen  in  the  test  section  assembly  drawing.  In  the 
drawing  the  upper  row  of  tubes  contains  the  thermocouple  leads 
and  the  lov/er  rov;  of  tubes  contains  the  heating  element  leads. 

The  thermocouples  for  the  guard  heater  do  not  have  to 
>.e  ImDedded  in  the  tube  wall.  They  are  attached  to  the  Inner 
surface  of  the  tube  wall  and  led  out  through  the  guard  heater 
and  outer  shell  in  small  porcelain  tubes.  The  leads  for  the 
guard  heating  elements  are  led  out  past  the  outer  shell  in 
the  same  type  of  tubes. 

Once  all  the  lead  wires  and  tubes  are  In  place  "Sauer- 
i2lng"  compound  will  be  applied  around  the  guard  heater  to 
fix  them  in  position. 

Further  test  section  instrumentation  includes  four 
pressuj'e  taps  at  distances  of  1.  12,  24.  and  35  Inches  along 
the  test  tube.  Since  the  iodine  vapor  will  be  in  contact  with 
all  the  surfaces  from  the  pressure  tap  to  the  pressure  trans¬ 
ducer  used  to  measure  the  pressure,  it  is  necessary  that 
these  surfaces  be  corrosion  resistant.  Consequently  the  part 
of  the  attachments  out  to  the  outer  shell  must  be  porcelain 
coated.  To  accomplish  this,  the  stainless  steel  tube  above  t 
the  pressure  tap  hole  must  be  welded  in  place  before  porce¬ 
lain  coating  to  assure  that  all  inside  surfaces  are  protected. 
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This  stainless  steel  tube  must  be  at  least  4  Inches  long  to 
get  out  past  the  outer  shell  because  other  corrosion  resis¬ 
tant  materials  such  as  glass  or  teflon  can  not  be  used  at 
temperatures  near  ISOO^F.  A  test  piece  coated  by  the  Bettln- 
ger  Corporation  showed  that  a  ^/8"  inside  diameter  tube  weld¬ 
ed  above  a  Vl6"  diameter  hole  in  a  piece  of  2  inch  diameter 
pipe  can  be  coated  satisfactorily.  The  outside  end  of  the 
attached  tube  is  tapped  with  a  ^/4"  pipe  tap  so  that  a  teflon 
valve  can  be  attached  to  it.  This  will  be  done  for  each  of 
the  pressure  taps.  The  other  ends  of  the  teflon  valves  are 
fitted  with  swage-lock  connections.  A  manifold  made  of  glass 
tubing  is  then  used  to  connect  these  valves  to  a  pressure  trans 
aucer.  This  design  facilitates  the  use  of  one  pressure  trans¬ 
ducer  for  all  pressure  measurements* 

The  temperature  of  the  gas  stream  before  and  after  the 
test  section  is  measured  with  shielded  thermocouples.  These 
thermocouples  are  Inserted  through  attachments  welded  to  the 

walls  of  the  6"  pipe  immediately  proceeding  and  followir^  the 
test  section. 

The  test  section  unit,  when  it  is  assembled, will  sup¬ 
port  the  portion  of  the  turuiel  above  it.  The  nozzle  and  dif¬ 
fuser  will  be  connected  to  the  six  inch  diameter  pipe  sections 
with  flanged  unions  containing  teflon  seals.  It  will  be  nec¬ 
essary  to  Install  cooling  colls  around  the  nozzle  and  diffuser 
near  these  corjiectlons  to  assure  that  the  temperature  of  the 
seals  does  not  exceed  450®?.  By  controlling  the  flow  rate  of 
the  coolant  through  the  colls,  the  wall  temperature  near  the 
seals  Can  be  kept  at  a  safe  temperature. 
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III.  CLOSED-LOOP  TUNIiEL  DESIGN 
A.  INTRODUCTION 

Ths  decislor.  having  been  made  tc  concentrate  further 
work  on  the  closed  loop  tunnel,  it  was  necessary  first  to 
determine  the  size  of  the  apparatus  and  of  the  individual 
components  to  be  Included,  In  designing  the  tunnel  com— 
premises  had  to  be  made  between  proposed  Ideas  which  might 
give  tne  best  results  and  other  possible  solutions  which 
would  not  be  ideal,  but  which  xvere  more  practical  econo¬ 
mically,  The  design  decided  upon  is  presented  here  and 
some  of  the  possible  alternatives  are  discussed,  A  schema— 
of  the  tunnel  is  shown  on  page  13»  and  an  assem¬ 
bly  drawing  of  the  main  apparatus  is  included  in  Appendix 
C2. 

Kost  of  the  apparatus  is  constructed  of  six  inch 

diameter  porcelain  coated  steel  pipe.  The  test  section  is 
two  inch  stainless  steel  porcelain  coated  pipe,  and  the 
fan  for  driving  the  Iodine  vapor  is  installed  in  a  twelve 
inch  reducing  tee.  The  apparatus  is  approximately  ten 
feet  high  and  three  feet  wide. 

PRESSURE  DROP  AND  FAN  CHARACTERISTICS 

To  make  the  proposed  experiments  it  is  desired  to 
have  laminar  flow  in  the  test  section.  Consequently  the 
diameter  Reynolds  numbers  in  the  test  section  must  be  res¬ 
tricted  to  2300  or  less.  The  design  of  the  test  section, 
discussed  previously ,  was  determined  by  what  is  necessary 
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to  get  meaningful  data  and  by  the  feasibility  of  constructiona 
This  resulted  in  the  requirements  of  a.  certain  iodine  flov; 
rate  range,  presented  in  Table  II,  page  8, 

Tlie  i^oGsible  mechanisms  for  driving  the  flov;  of 
iodine  va2^or  are  natural  convection  or  the  use  of  a  fan 
or  compressor.  The  flow  ra.tes  and  Reynolds  numbers  de¬ 
sired  in  the  test  section  could  not  be  obtained  bj*  na,tural 
convection.  The  use  of  a  compressor,  either  axial  or  cen¬ 
trifugal,  is  eliminated  by  economic  factors  and  construction 
difficulties.  Since  iodine  vaipcr  is  quite  corrosive,  common 
steels  cannot  be  used  inside  such  an  ai^paratus.  Even  if 
it  u'ere  possible  to  coat  a,  compressor  uith  porcelain  or 
some  other  corrosion  resistant  material,  the  cost  vrould 
be  pro’iibitlve.  Consequently  the  machinery  for  driving 
the  iodine  vapor  is  limited  to  a  fa,n. 

Fans  are  generally  designed  to  produce  relatively 
high  flov:  rotes  for  lou  pressure  drops  across  the  fan.  For 
the  lo’.e  flc.r  ro-tes  planned,  the  fan  could  t’lerefore  produce 
only  a  small  pressure  rise.  For  this  reason  the  pressure 
drop  the  iodine  'undergoes  in  circling  the  loop,  due  to 
fz’iction,  elbons,  etc.,  must  be  hept  at  a  minimum. 

In  co.lculating  the  pressure  drop  characteristics 
of  the  app'-ratus,  some  simplifying  oxsumptions  are  mode. 

All  C3,lculations  are  mo.de  for  lo  vapor,  neglecting  any 
changes  in  e.vsroge  properties  due  to  dissociation.  The 
properties  of  iodine  are  to-ken  at  Wo  average  temperatures. 
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approx Inating  the  real  case  where  the  temperattire  in  steady 
state  operation  will  vary  with  position  in  the  loop.  The 
flow  Is  assumed  laminar  everywhere  Inasmuch  as  the  Reynolds 
number  In  the  minimum  area  test  tube  is  equal  to  or  below 
2300, 


The  pressure  drop  characteristics  for  the  final  de¬ 
sign  are  shown  In  Figure  8  on  the  following  page.  The 
pressure  drop  is  converted  to  inches  of  water  at  standard 
air  density  to  compare  it  to  the  fan  charcicterlstics.  The 
curves  shown  in  the  figure  are  made  for  an  average  tempera¬ 
ture  of  1000®F  in  the  test  section  and  500 ®P  in  the  rest 
of  the  loop,  approximating  the  maximum  runrjlng  temperatures, 
ihese  maximum  values  are  used  because  they  give  the  maxi¬ 


mum  pressure  drop  for  a  given  velocity  and  Reynolds  number 
in  the  test  section,  ^his  ic  because  for  a  constant  Rey¬ 
nolds  No.,  as  the  temperature  is  increased,  the  viscosity 
Increases  and  the  density  decreases,  consequently  the  head 
loss  increases. 

The  head  loss  (pressure  drop)  in  inches  of  water  is: 
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A  sample  calculation  for  the  pressure  drop  around  the  loop 
is  presented  in  Appendix  B4, 
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The  fan  chosen  for  the  apparatus  is  a  Propellalr 
pressure  type  fan,  number  ITT  12-8G36-I,  obtainable  from 
the  Wolverine  Equipment  Company  in  Cambridge,  Mass,  The 
characteristics  of  this  fan  are  shown  in  Figure  8  with 
the  loop  pressure  drop  characteristicsr 

-he  decision  to  make  most  of  the  apparatus  six  inch 
diameter  and  have  a  twelve  inch  diameter  fan  was  made  as 
a  compromise  between  lowering  the  system  pressure  drop  by 
going  to  larger  diameter  piping  and  having  to  go  to  a  larg¬ 
er  fan.  As  it  is  now,  the  range  of  operation  is  limited 
somewhat  at  a  system  pressure  of  ,001  atmospheres.  The 
roaxlmujs  test  section  Heynolds  Number  attainable  at  this 
pressure  is  about  150  rather  than  2300,  At  a  pressure  of 
•005  atmospheres,  however,  the  full  range  of  test  section 
Heynolds  Numbers  up  to  2300  can  be  obtained. 

C.  i-lATEHIAI.S  SELECTION 

jhe  choice  of  materials  for  the  apparatus  is  limit¬ 
ed  by  the  corrosive  properties  of  iodine  vapor.  Previous 
research  by  Eastman  (l)  essentially  reduced  the  choice  for 
the  main  tunnel  components  to  one  between  porcelain  coated 
steel  and  glass.  Other  materials  were  eliminated  because 
they  are  either  prohibitively  expensive,  not  corrosion 
resistant,  or  they  present  extremely  difficult  construction 
problems.  For  the  final  design  porcelain  coated  steel  was 

chosen  rather  than  glass  for  the  reasons  discussed  on  the 
followlrig  page. 
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The  test  section  could  not  be  glass  because  glass 
cannot  stand  temperatures  up  to  1500®P.  The  fan  assembly 
has  to  be  steel  for  strength  and  construction  feasibility. 
Glass  is  not  used  In  the  rest  of  the  apparatus,  except  for 
the  flow  meter  section,  because  of  the  difficulties  that 
would  arise  in  tr;ylng  to  make  attachments  for  temperature 
and  pressure  measurements .  Even  if  a  glass  blower  could 
make  attachments  to  I^rex  pipe,  the  strength  of  the  glass 
would  be  decreased  in  that  area.  With  porcelain  coated 
steel,  anj'  attachments  can  be  welded  on  before  the  coating 
is  applied,  and  it  then  protects  the  joJnt  and  attachment 
from  cori’osJcn. 

A  nuEoer  of  test  pieces  have  been  porcelain  coated 
and  tested  to;  a)  determine  porcelain's  resistance  to  io— 
alne;  b)  learn  which  steels  and  what  types  of  machined 
surfaces  can  be  coated;  and  c)  obtain  porcelain  coated 
surfaces  for  conducting  experiments  with  different  vacuunt 
seal  arrar^ementc.  The  porcelain  coating  has  been  done 
by  the  Bettlnger  Corporation  in  Einford,  Mass.  Prom  their 
experience  they  are  able  to  recommend  certain  types  of 
steel  and  aluminum  that  may  be  coated,  in  preference  to 
others  that  present  difficulty.  If  the  carbon  content  of 
the  steel  is  too  high,  the  porcelain  coating  will  not  ad¬ 
here  satisfactorily  because  of  carbon  emission  at  the  steel 

surface  daring  the  high  temperature  baking  process.  Tests 
have  shown  that  steel  pipe  and  fittings  with  ASTM  A234 
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spec  if  lea  tlo/is  can  be  coatea  with  a  porcelain  that  is  good 
for  teaperaturec  up  to  450®P,  while  cast  iron  Is  definitely 
to  be  avoided,  For  the  test  section  where  the  temperature 
vjlll  be  as  high  as  1500°P,  type  316  stainless  steel  must 
be  used  with  a  dlff'erent  coating* 

Sharp  edges  must  be  broken  on  pieces  to  be  porcelain 
coated  because  the  coating  will  not  adhere  to  such  edges 
during  the  baking  process.  Any  welding  on  pieces  to  be 
porcelain  coated  must  be  done  on  pieces  of  similar  compo¬ 
sition  with  a  welding  material  that  matches, 

A  test  container  consisting  of  a  four  Inch  pipe  seal¬ 
ed  at  one  end  and  bolted  closed  itith  a.  blind  flange  at  the 
other  end,  porcelain  coated  on  all  Inside  surfaces,  was 
used  for  conducting  several  material  and  sealing  tests.  It 
was  filled  with  and  subjected  to  iodine  vapor  at  400®F  for 
36  hours  and  the  porcelain  coating  was  not  affected, 

D,  SEAi^IhG  i«;ATSHIALS  AND  CONNEICTIONS 

Possible  seals  for  the  connections  in  the  apparatus 
are  limited  to  materials  that  will  withstand  tecperatvires 
in  the  400  -  450®F  range  and  resist  corrosion  or  attack  by 
iodine  vapor,  >iost  of  the  common  rubber  and  metal  gasket 
materials  to  not  stand  up  to  iodine,  particularly  at  these 
higher  temperatures. 

Two  materials  that  had  been  recommended  for  gaskets 
were  Teflon  and  Vlton,  both  manufactured  by  duPont,  No  data 
on  corrosion  resistance  to  iodine  was  available  for  either  of 
these  rmiterlals.  Viton  is  a  more  resilient  material  than 
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Teflon  and  would  therefore  be  a  better  gasket  nraterial, 
leflon  Is  more  plastic  and  "cold  flows".  Both  Teflon  and 
VI ton  were  subjected  to  iodine  vapor  in  test  piece  #1  at 
400®r  for  four  hours.  The  Viton,apparently  of  two  differ¬ 
ent  types,  was  noticably  attacked  by  the  iodine.  The  volume 
of  the  flat  piece  Increased  and  its  surface  was  attacked, 
while  the  Viton  "0"  ring  disintegrated.  The  Teflon  became 
discolored  (from  white  to  light  bro>m)  after  the  four  hours 
but  there  were  no  notlcable  char^ges  in  its  physical  proper¬ 
ties.  Adaltlcnal  Teflon  pieces  v;ere  subjected  to  iodine  at 
400°?  for  the  longer  period  of  thirty-six  hours.  This  Teflon 
was  discolored  to  a  deeper  brown  than  that  subjected  to 
iodine  vapor  for  only  four  hours,  but  there  were  still  no 
other  notlcable  changes,  A  picture  of  the  Teflon  and  Vi¬ 
ton  pieces  subjected  to  the  iodine  vapor  is  shoxm  in  Figure 
9  below.  On  this  figure  the  corrosive  effect  of  iodine  on 
stainless  steel  is  also  shown. 
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On  the  basis  of  these  tests,  Viton  could  not  be 
used  as  a  sealing  material.  With  regard  to  the  Teflon, 
it  was  not  known  whether  the  iodine  reacted  with  the  Teflon 
or  if  it  was  simply  absorbed,  since  other  than  the  discolor¬ 
ing  there  were  no  other  noticable  changes.  Several  chemi¬ 
cal  analysts  were  contacted  but  none  could  definitely  state 
what  had  occurred  or  could  assure  that  he  could  determine 
it  through  analysis.  Professor  Brown  spoke  with  two  differ¬ 
ent  people  from  duPont  who  both  believed  that  the  iodine 
was  absorbed  in  the  Teflon  without  chemical  reaction.  These 
opinions  were  supported  by  statements  concerning  the  bonding 
energy  between  carbon  and  fluorine  and  the  atomic  strucrure 
of  Teflon,  but  no  tests  are  known  to  have  been  made  to  sup¬ 
port  these  opinions. 

In  ordering  Teflon  duPont  recommended  that  premium 
sheet  from  Teflon  7,  or  at  least  Teflon  5  or  7  be  specified. 
Teflon  7  has  the  minimum  void  content  of  any  Teflon,  The 
specifications  for  premium  Grade  A  Teflon  require  zero 
penetration  for  a  porosity  test. 

The  Teflon  that  had  been  tested  as  described  prior 
to  this  knowledge  was  in  the  form  of  commercial  gaskets  and 
an  "0"  ring  where  it  is  suspected  that  reprocessed  Teflon, 
was  used  in  the  manufacture  for  economical  reasons.  Conse¬ 
quently  the  tested  samples  were  probably  not  premium  Teflon  7, 
No  premium  Teflon  7  has  yet  been  obtained  for  test  purposes. 

Two  types  of  seals  and  connections  have  been  used  in 
the  design  of  the  tunnel.  Wherever  possible  High  Voltage 
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Corporation  vacuum  connections  are  used.  These  connections 
are  made  by  the  High  Voltage  Engineering  Corp,,  Burlington, 
r^ass,,  specifically  for  vacuum  applications.  They  eliminate 

any  welding  at  the  Joints ,  si rcpllfif  alignment  and  assembly, 
and  incorporate  the  use  of  an  *0*  ring  seal  between  the  two 
pieces  of  pipe  to  be  Joined,  The  "0"  ring  is  positioned 
by  two  retaining  rings.  The  two  halves  of  the  flange  v/hlch 
are  bolted  together  cause  the  "O"  ring  to  be  compressed 
between  the  two  pipe  ends  belr^g  connected,  A  test  vinit, 
was  constructed  to  test  this  type  of  seal. 

At  several  of  the  ccnnectirg  positions  on  the  tunnel, 
however,  it  is  not  feasible  to  employ  the  High  Voltage  con¬ 
nectors,  This  occurs  at  the  reducirg  elbow  and  reducing 
tee  connections,  Machinirg  required  on  the  six  inch  ends 
of  these  bulky  pieces,  to  allow  such  a  connection,  would 
De  difficult  and  expensive.  High  Voltage  connectors  are 
not  produced  in  the  twelve  inch  sizes  needed  for  the  large 
diameter  connection.  At  these  joints,  therefore,  flat  gas¬ 
kets  will  be  compressed  between  standard  ASKE  weld  neck  or 
flanges.  Similar  connections  are  required  at  both 
ends  of  the  glass  section  and  the  bellows  installation. 

The  gaskets  to  be  used  are  Teflon  envelope  gaskets 
with  an  asbestos  filler.  This  filler  gives  the  gasket  more 
resiliency  than  it  is  possible  to  obtain  v;lth  pvire  Teflon, 

Both  types  of  connections  have  been  tested  vinder  vacuum 
at  room  temperatures  and  work  satisfactorily  under  these 
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conditions.  The  connection  using  a  Teflon  envelope  gasket 
v#as  tested  at  400®F  while  in  contact  with  iodine  vapor  and 
leakage  occurred,  A  leak  was  found  in  a  weld  in  this  test 
piece.  Further  tests  are  being  made  to  check  other  possible 
causes  for  leakage,  which  might  include  bolt  expansion  at 
high  temperature  and  possible  to  a  minor  extent  diffusion 
of  gases  through  the  Teflon  gasket, 

E.  IM  assembly 

An  assembly  drawing  of  the  fan  installation  is  shown 
in  Appendix  CS,  Tne  fan  assembly  has  been  designed  to  fit  into 
the  12x12x6  steel  reducirg  tee.  The  fan  blade  and  the  por¬ 
tions  of  the  shaft  and  tee  in  contact  with  iodine  vapor  will 
be  porcelain  coated.  In  designing  the  fan  it  was  necessary 
to  protect  the  bearings  from  the  iodine  vapor  and  to  incor- 
proate  a  seal  that  will  prevent  leakage  and  thereby  contamina¬ 
tion  of  the  iodine  vapor.  The  bearings  are  protected  from  the 
iodine  vaoor  by  a  double  seal.  This  seal  allows  the  bearings 
to  operate  in  air  under  lubrication  at  atmospheric  pressure. 

If  one  of  the  bearings  were  between  the  seals, it  would  have  to 
work  in  a  vacuum  where  iodine  might  be  present. 

The  double  seal  arrangement  designed  to  prevent 
leakage  and  contamination  of  the  iodine  vapor  inside  the  tun¬ 
nel  consists  of  two  different  seals.  The  pressure  between 
them  will  be  maintained  at  a  value  equal  to  or  less  than  the 
pressure  of  the  iodine  vapor  in  the  apparatus.  By  main¬ 
taining  this  pressure  at  such  a  level,  the  seal  in  contact 
with  the  iodine  vapor  only  has  to  work  against  a  small 
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pressure  differential  or  none  at  all.  This  will  minimize 
any  leakage  and  assures  that  leakage,  if  any,  is  iodine 
outward,  thereby  preventing  contamination  of  the  tunnel's 
iodine  atmosphere.  If  leakage  occurs  through  this  seal 
arrangement  at  any  noticeable  rate  when  the  apparatus  is 
in  operation,  make-up  iodine  will  have  to  be  Introduced 
at  the  proper  rate  through  the  iodine  inlet  from  the  boiler. 
If  no  other  leaks  exist  in  the  tunnel,  iodine  make-up  could 
be  regulated  to  maintain  the  tunnel  pressure  at  the  desired 
constant  value. 

The  materials  that  can  be  used  for  use  as  shaft  seals 
agalr^t  iodine  vapor  if  little  or  no  contamination  is  to  be 
allowed  are  limited  to  Teflon,  ceramics,  and  carbon.  The 
seal  chosen  for  contact  with  the  iodine  vapor  has  a  Teflon 
sealing  element.  Different  commercial  seals  that  have 
ceremlc  on  carbon  sealing  surfaces  all  have  some  rubber  or 
Vlton  that  make  them  impractical  for  use  with  iodine  vapor. 
The  Teflon  seal  in  contact  with  the  iodine  is  not  designed 
to  work  against  a  pressure  difference.  The  outer  seal  in 
the  assembly  is  designed  to  work  against  a  pressure  diff¬ 
erence  but  will  not  stand  up  in  iodine  vapor.  The  double 
seal  designed  in  this  manner  with  a  vacuum  pulled  between 
the  seals  should  reduce  leakage  and  contamination  to  a 
minimum.  Otherwise  a  special  seal  would  have  to  be  design¬ 
ed  and  constructed.  Before  any  further  time  and  expense 
are  expended,  the  present  fan  assembly  should  be  built  and 
tested. 
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The  fan  shaft  will  be  connected  to  a  variable  speed 
motor  to  provide  iodine  flow  control, 

flexible  coupling 

At  some  point  in  the  tunnel  a  flexible  coupling 
is  necessary  because  thermal  expansion  of  the  different 
parts  of  the  tunnel  will  be  unequal.  The  test  section  is 
made  of  316  stainless  steel  and  its  temperature  will  reach 
ISOOop.  The  other  parts  of  the  tunnel,  mostly  low  carbon 
steel,  will  not  exceed  a  temperattire  of  400®P.  The  thermal 
expansion  coefficient  for  the  316  stainless  steel  is  high¬ 
er  than  the  expansion  coefficient  for  low  carbon  steel. 
Consequently  the  side  of  the  apparatus  containing  the  test 
section  may  expand  approximately  0.40  inches  more  than  the 

other  side.  The  calculation  for  this  is  shown  in  Appendix 
B5, 

To  compensate  for  the  difference  in  expansion,  a 
Teflon  expansion  Joint  is  to  be  installed  in  the  apparatus. 
This  b.llows,  made  by  Resistoflex  Corporation,  was  purchased 
from  John  G.  Shelley  Company  in  Wellesley,  Mass.  The  ex¬ 
pansion  Joint  is  made  of  Teflon  6,  has  a  travel  of  plus 

or  minus  iVs  Inches,  and  Is  designed  to  operate  In  a  vacuum 
system  at  temperatures  up  to  450®P, 

The  expansion  Joint  has  three  travel  limit  bolts  to 
limit  expansion.  When  the  expansion  Joint  Is  Installed  In 
the  apparatus  as  shown  In  Appendix  C2,  springs  will  be  In¬ 
stalled  around  the  limit  bolts  and  between  the  flanges. 


These  springs  will  reduce  the  bending  moment  on  the  connec¬ 
tions  In  the  top  of  the  apparatus  which  exists  due  to  the 
weight  of  the  piping, 

G,  PRESSURE  fffiASUREr^NT 

Pressure  measurements  in  an  iodine  atmosphere  cannot 
be  made  with  ordinary  manometers  because  the  iodine  will 
chemically  react  with  an;j'  usable  liquids.  The  iodine  vapor 
must  in  addition  be  kept  at  a  temperature  between  200°F 
and  400°P  In  the  measuring  apparatus  to  keep  it  a  vapor, 
the  exact  value  of  temperature  depending  upon  the  system 
pressure.  Helicoid  Gage  Division  of  American  Chain  and 
Cable  Company  makes  a  mechanical  gage  with  a  Teflon  dla- 
phram  but  at  400®P  the  dlaphram  is  not  sensitive  enough  to 
give  accurate  readings  for  the  low  pressures  Involved, 

A  pressure  transducer  with  a  metal  dlaphram  and  an 
electrical  pickup  at  present  seems  the  only  alternative. 

The  I^naralc  Instrument  Company  in  Cambridge,  Kass,  makes  a 
transducer,  model  PT  25,  with  a  range  from  0-15  psia. 

This  transducer  can  be  made  with  a  347  stainless  steel  dla— 
phrara,  which  it  may  be  possible  to  cover  with  a  thin  sheet 
of  Teflon,  Otherwise  the  stainless  steel  dlaphram  will 
have  to  be  in  contact  with  the  iodine  vapor'.  Either  way 
the  system  is  not  ideal,  but  it  is  the  best  solution  yet 
available.,  J.  Electronics  of  Santa  Ana,  California,  have 
Indicated  they  are  able  to  deliver  a  transducer  that  will  , 
hold  up  under  iodine  and  work  in  the  desired  pressure  range 
for  )iii700,  but  have  not  yet  supplied  details. 


The  locations  where  pressure  measurements  will  be 
made  are  shown  in  Figures  2  and  4  on  pages  13  and  19.  The 
pressure  is  measured  at  different  points  in  the  test  sec¬ 
tion  and  In  the  six  inch  section  immediately  below  the  flow 
meter, 

H,  TEKPERATURE  I-iEASURF.EEET 

ihe  temperature  of  the  iodine  vapor  in  the  apparatus 
can  be  measaned  at  five  different  locations.  The  thermocou¬ 
ples  used  to  measure  the  vapor  temperature  must  have  radia¬ 
tion  shields,  because  the  iodine  vapor  temp>erature  will  gen¬ 
erally  be  different  from  the  surrounding  wall  terripera^ture, 
by  as  much  as  a  few  h'ondred  degrees  Fahrenheit  in  some  loca¬ 
tions. 

The  shielded  thermocouples,  which  will  be  purchased 
commercially  ana  either  porcelain  or  Teflon  coated,  are  in¬ 
stalled  in  the  apparatus  throvigh  one  and  one-half  inch  dia¬ 
meter  outlets  welded  to  the  six  inch  pipe  at  several  locations 
indicated  in  Figure  2,  page  13,  This  roethcd  of  construction 
permits  the  thermocouples  to  be  Installed  after  the  bulk  of 
the  apparatus  is  porcelain  coated,  assembled,  and  tested, 

I-  COOhlNG  SECTION 

Heat  transfer  calculations  for  the  test  section  show 

that  the  temperature  of  the  iodine  vapor  leaving  the  test 
section  may  be  as  high  as  1100°P,  The  recirculating  iodine 
vapor  must  be  cooled  to  approximately  400-450®P  before  it 
re-enters  the  test  section,  Tne  length  of  six  inch  diameter 


pipe  with  a  wall  teaperature  of  400®F  required  to  cool  the 
iodine  vapor  to  950®F  is  longer  than  that  Installed  in  the 
apparatus.  Consequently  more  heat  transfer  surface  is  nec¬ 
essary  for  the  high  Reynolds  No,  flovjs  conducted  at  high 
pressures  where  wall  temperature  must  be  kept  at  400®F,  The 
most  effective  v;ay  to  obtain  this  with  the  least  amount  of 
pressure  drop  is  to  install  an  internally  finned  section 
with  longitudirial  fins  as  close  to  the  test  section  exit  as 
possible. 

The  calculations  showing  the  need  for  a  finned  section 
are  shown  in  Appendix  E€.  Because  by  far  the  largest  resis¬ 
tance  to  heat  transfer  is  between  the  iodlre  vapor  and  the 
inside  surface,  the  fin  effectiveness  is  almost  100^,  The 
fins  are  to  be  welded  in  the  positions  shown  in  Figure  10 
on  the  followlr:g  page  to  the  inside  of  the  fifteen  inch  long 
six  inch  diameter  pipe  before  porcelain  coating, 

When  the  gas  is  being  cooled,  the  iislde  surface  temp¬ 
erature  of  the  pipe  must  be  kept  above  the  value  at  which 
iodine  will  solidify  or  liquify  for  the  given  tunnel  pressure 
of  operation.  This  requirement  along;  with  the  fact  that  the 
plpeV  outside  heat  transfer  coefficient  is  high  relative  to 
the  Inside  coefficient  means  that  the  outside  of  the  pipe  must 
be  heated,  or  the  wall  temperature  would  never  reach  the 
required  value.  This  will  be  done  using  heating  tapes  wound 
aroxxDd  the  outside  of  the  tunnel  piping,  and  insulation  ap¬ 
plied  around  them. 


Kl 
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If  experiments  show  that  the  heat  transfer  due  to 
dissociation  is  greater  than  expected,  preliminary  tests 
can  be  conducted  at  test  tube  temperatures  below  the  1600°P 
chosen  as  a  maxlmuni  value,  or  another  finned  section  can  be 
Installed  in  the  apparatus  immediately  below  the  expansion 


joint. 


FLOW  f^IEASUBEhEKT 


In  order  tc  get  meanlrg'^ful  data  and  results  from  the 


apparatus,  it  is  necessary  to  be  able  to  determine  the  flow 


rate  of  iodine  vapor.  A  number  of  different  flow  meters  have 


been  considered  for  the  apparatus. 


ihe  fact  that  the  pressure  drop  around  the  turjiel  is 


quite  small  excludes  the  use  of  an  orifice  type  flo;^  meter, 
where  a  oifferential  pressure  measurement  is  made  to  deter¬ 


mine  the  flow.  The  total  pressure  drop  around  the  turuiel 


Is  always  less  than  0.1  inches  of  water. 


The  .oame  difficulty  Is  present  with  a  pitot  static 


tube  where  a  differential  pressure  measurement  must  be  made. 
The  difference  between  the  stagnation  and  static  pressure 
of  the  iodine  vapor  Is  equal  to  or  less  than  0.01  inches  of 
water  depending-  upon  the  operating  conditions. 


with  fan  characterlstlc^^i^^^^  calculated  for  comparison 
based  on  standard  air  denslty'''^^'”hat Pressure  drop 
in  Figure  8,  p.  34  are  greati;  tAan  oS  or.aler!''”’'” 
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A  hot  wire  anemometer  to  get  velocity  profiles  Is 
Impractical  because  it  could  not  be  made  of  corrosion  re¬ 
sistant  materials  and  calibration  would  be  difficult  If 
possible.  The  readings  taken  from  a  hot  wire  anemometer 
are  not  a  function  of  Reynolds  number  or  other  dimensionless 
groups  alone.  Consequently  an  anemometer  must  be  calibrated 
using  the  same  fluid  in  which  it  Is  Intended  to  obtain  ve¬ 
locity  measurements.  This  is  lmpi*actlcal  for  iodine  vapor. 

Plow  meters  based  on  the  principle  of  rotometers  were 
eliminated  for  materials  reasons  and  because  of  calibration 
difficulties, 

Pieters  based  on  the  principle  of  deflect I'jn  caused  by 
a  drag  force  acting  on  a  part  of  the  meter  were  considered. 
The  deflect irg  device  would  be  a  spring  loaded  plate  or  a 
plate  extending  into  the  flow,  acting  as  a  cantilever  beam. 
The  drag  on  the  plate  is  related  to  the  iodine  flow  rate, 
the  iodine  gas  properties,  and  the  dimensions  of  the  plate. 
For  a  given  plate  the  drag  can  be  shovm  to  be  a  fvmctlon  of 
Reynolds  mumber,  iodine.,  pressure,  and  iodine  temperature, 
assuming  the  perfect  gas  relationship  holds  for  iodine.  The 
same  relationship  would  hold  if  another  gas  were  used.  Con¬ 
sequently  a  device  of  this  type  could  be  calibrated  with 
air  rather  than  iodine. 

Calculations  showed  that  the  drag  force  on  a  six  by 
one  inch  plate  normal  to  the  flow  is  only  10”^  to  10“"^  pounds 
for  flow  rates  of  iodine  considered  for  this  apparatus.  The 
weight  of  a  six  by  one  inch  steel  plate  that  is  0,001  Inches 
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thick  is  approxl«tely  lo'^  pounds.  Consequently  any  de¬ 
flection  of  the  contlleven  beam  caused  by  the  drag  force 
would  be  at  least  an  oncer  of  magnitude  less  than  the  de¬ 
flection  caused  by  the  weight  of  the  beam  alone.  This  fact 
makes  a  deflection  device  of  this  sort  Impractical  as  accurate 
measurements  could  not  be  obtained.  Any  spring  loaded  de¬ 
flection  device  would  have  the  same  difficulty  associated 
with  i,  namely  that  the  load  due  to  drag  would  be  negll^le 
compared  to  the  static  load  due  to  the  weight  of  the  device. 

The  drag  forces  on  a  vane  type  anemometer  would  be 
Of  the  same  order  of  magnitude  as  the  drag  forces  on  a  flat 
plate.  If  the  device  were  perfectly  balanced  Its  static 
weight  would  not  be  Important  In  the  way  It  Is  for  a  deflec¬ 
tion  device,  but  a  friction  force  would  be  present.  The 
friction  In  the  device  could  not  be  reduced  by  bearings  or 
lubrication  because  no  bearings  or  lubricants  are  available 
for  use  In  Iodine  vapor.  Consequently  the  friction  forces 
In  such  an  anemometer  make  It  Impractical. 

At  the  present  time  no  flow  meter  has  been  designed 
for  the  apparatus.  A  glass  tee  has  been  Incorporated  for 
possible  use  with  a  visual  type  flow  meter.  Either  some  of 
the  problems  associated  with  the  above  mentioned  types  of 
flow  meters  must  be  solved  or  a  more  elaborate  method  of  mea- 
surlrig  the  iodine  flow  will  have  to  be  found. 

K.  I^IhE  AND  EXHAUST 

Provisions  for  filling  the  apparatus  with  iodine  vapor 
and  later  evacuating  it  are  incorporated  by  installing  two 
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small  pipes  to  the  api)aratus  that  can  be  regulated  with 
leflon  valves.  The  iodine  inlet  will  be  connected  to  a 
small  furnace  where  iodine  vapor  can  be  generated.  This 
furnace  will  be  filled  with  a  quantity  of  iodine,  evacuated 
with  a  vacuum  piiinp,  and  then  heated  to  produce  iodine  vapor 
at  a  pressure  above  the  desired  operating  value  for  the 
tunnel.  This  pressure  differential  will  cause  the  iodine 
to  flow  into  the  previously  exhausted  apparatus  when  the 
inlet  valve  is  opened. 

For  periodic  emptying  of  the  tunrjel,  the  iodine  ex¬ 
haust  line  from  the  tunnel  will  be  connected  to  an  iodine 
vapor  trap  and  then  to  a  vacuum  pump.  To  evacuate  the 
tunnel,  hot  inert  gas  (possibly  air)  will  first  be  added 
to  the  low  pressure  iodine  atmosphere  to  boost  tunnel  pres¬ 
sure,  V/hen  the  vacuum  pump  next  evacuates  the  system,  the 
iodine  vapor  will  be  condensed  in  the  trap,  probably  a  water 
cooled  condenser,  to  prevent  it  from  contaminating  the 
vacuum  pump  and  the  surrounding  air, 

L.  FLOV;  S7RAIGHTEMEBS  AND  SCREENS 

In  designing  the  apparatus  the  installation  of  flow 
stralghteners  and  screens  before  the  test  section  was  consi¬ 
dered.  The  flow  stralghtener,  comprised  of  >  bunched  small 
diameter  tubes,  would  tend  to  flatten  out  the  velocity  pro¬ 
file  and  assure  axial  flow.  The  screens  before  the  test 
section  might  reduce  the  turbulence  level  of  the  flow. 


After  considering  the  relative  value  of  these  addl« 
tlons  compared  to  the  difficulties  they  would  present  In 
terms  of  construction  and  Increased  pressiire  drop.  It  was 
decided  to  eliminate  them  from  the  design.  The  Reynolds  No»s 
In  the  six  inch  pipe  are  quite  low  and  thb  Iodine  flow  has 
a  relatively  smooth  approach  to  the  test  section.  If  it 
becomes  necessary  to  use  either  the  stralghtener  or  the 
screens,  they  may  be  Installed  later  in  the  six  Inch  pipe 
■before  the  test  section, 

«.  TUhhEL  COST  ESTIMTE 

The  proposed  list  of  parts  required  for  the  apparatus 
Is  shown  on  Table  IV  on  the  following  pages.  Where  It  Is 
possible  the  exaet  cost  of  the  materials  or  operation  Is 

presented.  The  parts  that  hare  been  ordered  are  Indicated 
With  an  asterisk. 

The  proposed  total  cost  Is  not  exact.  It  Is  possible 
that  some  additional  Items  may  prore  needed'  and  that  some 
Changes  may  be  necessitated. 


53 


TABLE  IV 

CLOSED  LOOP  TUNNEL  COST  ESTIMATE 
Tes^  Section: 

1  -  36;  length  of  2"  SS  pipe  (Type  316) .  31  20^ 

1  -  36"  length  of  6"  SS  tubing . .  51  ?3 

2-6x2  concentric  ss  reducer  (Tyoe  316)  .  .  *  142*^* 

f :  • : : : : 

-  copper  cooling  colls . .  ^  no 

-  Nlchrome  wire  heaters  for  2"  oloe*. . inn  nn 

-  Nlchrome  wire  heaters  for  5"  guard  heater  "  *  100*00 

30-  thermocouples  along  2"  pine)  .  .  .  ,  *  *  *  m’oo 

30-  thermocouples  (along  5"  guard  heater) .  «n  nn 

60-  voltage  regulators  to  control  temperatu;es  '  ’  6m'oO 

-  Ceraclc  ?ibes  Jc’cC  . 

-  Sauerlzlng  compound  .....I . . 

-  ^Idim^  pipes,  reducers  and*p;essilre  taps  *  120 !oo 

-  porcelaiA  coating  !!!!!!!  .  n nn*?^ 

Sub  Total  ?1754,93 

Tunnel: 


?  Hifw  connections .  90  00* 

1  “  ^oltage  machined  Btd.  6*  elbows  ...  I  I  !lS*00 
1  lo  6  reducing  elbow(steel)  .  .  .  .  I  ’  !  170  m 
i  ”  i2  X  12  X  6  tee  (steel  *  *  “^'U.OO 

o  ”  i?"  welding  neck  flanges*  IT.**  ' . ^ot*no 

2-6"  welding  neck  flanges  .  . 

6-6"  sllp-on  flanger.  !  . . •.  *  21.36 

1  ”  6x1  Pyrex  reducing  tee  1  is"  long . 

I  ■  (Teflon)  .  .  .  .  .”f  /  ’  * 

1  :  S^^flon  ga^|t‘!  rr 

4-6"  Teflon  gaskets  •.,***********  *  15,00 

4 :  : : : :  io^•go° 

4 :  hk'  lefC“gL^^r. : :  : :  il:SS 

-  tubing  for  Iodine  Inlet  and  outlet  and  pr4ssiie' 

3  —  Teflon  valves  ,,  ••••  •  •••...  10,00 

An  **  heating  tapes  and  voltage  regulators  loob*oO 

40  -  thermocouples  placed  along  oStsldf  sSfa?e*  *  *  s2*m 

-  Insulating  inaterlal  for  outside  ooveSS  !  '  *  Tm’So 

-  quartz  heater  for  Iodine  vapor  generation  lan  m 

-  vacuus,  pump  for  emptying  tuLe/r!  !  .  f  I  I  '  iIo'm 

-  Pressure  measuring  system  •  ...  I  I,  [  3O0I00 

(continued  p.54) 
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TABLE  IV  (con*t.) 


4 

1 

1 


Flow  rate  measuriiig  device  •••••• 

Specially  shielded  thermocouples  •  •  • 
Covered  thermocouple  •••••••••• 

Iodine  trap 

Tunnel  supports (materials  and  assembly) 

Machining . .  ^ 

Welding 

Porcelain  coating 


200.00 

160,00 

10.00 

100,00 

200,00 

200.00 

426.00 

300.00 


Sub  Total  $4539,44 


Fan  Assembly: 


1  -  Pan  blade 
1  -  shaft 

1  -  G-'arlock  Klosure  (Teflon) 

1  -  Grarlock  Kechanlpak  Seal 

2  -  Fafnir  ball  bearings  ,  , 

-  Miscellaneous  steel  stock 

-  Machining 

-  Welding  ,,,,,,,,, 


35.00 

10,00 

10.00 

20.00 

30,00 

30,00 

100.00 

.50,00 


Sub  Total  $  285.00 


TOTAL  $6,579,37 


IV^  PROPOSED  TEST  OPERATION  AND  PRESENTATION 

OF  RESULTS 

A,  TEST  OPERATION 

Once  th.©  apparstus  Is  asseniDled  and  checked  out}  to 
asEiore  that  no  leakage  occurs,  experimental  tests  can  be 
made,  A  proposed  operational  procedure  is  now  presented. 

The  apparatus  should  first  be  evacuated  with  a  vacuum 
pump  and  dried  out  by  heatirig  the  pipe  walls  to  approxi¬ 
mately  400®F,  When  air  and  any  moisture  are  sufficiently 
removed  from  the  apparatus,  iodine  vapor  generated  in  the 
boiler  may  be  released  into  the  tunnel.  The  pressure  level 
in  the  apparatus  can  be  controlled  by  controlling  the  amount 
of  iodine  in  the  apparatus  and  the  mean  temperatva*e  of  this 
vapor.  After  the  desired  amount  of  iodine  is  released  into 
the  apparatus,  the  fan  should  be  star.ted  to  create  circu¬ 
lation,  The  temperature  of  the  test  section  can  then  be 
raised  to  the  desired  operating  value. 

During  this  procedure  care  must  be  taken  to  keep 
the  wall  temperature  above  the  liquif loation  or  sblidifl- 
cation  temperature  of  iodine  corresponding  to  the  iodine 
pressure  in  the  apparatus.  The  wall  temperature  near  the 

seals  should  not  exceed  450®P  at  any  time  because  the  Tef- 

« 

Ion  will  start  to  decompose  at  temperatures  near  500®P, 

Steady-state  operation  for  a  given  run  will  be  achiev¬ 
ed  when  the  test  section  and  guard  heater,  through  proper 
setting  of  the  individiial  variacs  controlling  the  heaters, 
are  niaintained  at  one  constant  temperature.  At  this  time 
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the  temperatures  of  the  Iodine  vapor  entering  and  leaving 
the  test  section  will  be  constant. 

When  steady  state  operation  is  obtained,  the  requir¬ 
ed  temperatiire,  pressure,  flow  rate,  and  heating  element  • 
input  data  will  be  recorded. 

In  collecting  data  for  a  number  of  different  runs 
it  will  be  desirous  to  change  only  one  independent  varia¬ 
ble  at  a  time.  The  independent  variables  are  the  test 
section  inlet  pressure,  inlet  temperature,  wall  temperatvire, 
iodine  flow  rate  or  Reynolds  number,  and  Prandtl  number. 

The  inlet  temperatiire  and  the  Prandtl  number  will  be  re¬ 
latively  constant  (  the  inlet  temperature  because  of  heat¬ 
ing  and  cooling  limitations  of  the  iodine  in  the  six  inch 
pipe,  the  Prandtl  number  because  its  variation  with  tempera¬ 
ture  and  pressure  is  small).  Consequently  the  important 
Independent  variables  are  the  other  three;  test  section 
wall  temperature,  inlet  pressure,  and  flow  rate  or  Reynolds 
number.  In  making  a  set  of  runs  it  will  be  convenient  to 
hold  the  inlet  pressure  and  the  Reynolds  number  constant 

and  vary  the  test  section  wall  temperature.  Then  for  the 
same  inlet  pressure  and  a  different  Reynolds  number,  ob¬ 
tained  by  changing  the  fan  speed,  another  set  of  runs  can 
be  made  with  varying  wall  temperatures.  This  procedure  can 
be  continued  for  a  number  of  different  inlet  pressures  to 
get  a  wide  range  of  data, 

PRESENTATION  OP  RESULTS 

Two  possible  methods  of  presenting  experimental 
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results  are  shown  graphically  In  Figure  11  (page  58),  In 
Figure  11-a  the  heat-transfer  rate  is  plotted  versus  the 
test  section  wall  temperature  with  the  iodine  inlet  temp¬ 
erature  and  the  inlet  Prandtl  number  held  constant.  Fig¬ 
ure  11-b  is  a  plot  of  heat  transfer  rate  versus  inlet  pres¬ 
sure  for  constant  inlet  temperature,  constant  wall  tempera¬ 
ture,  and  constant  inlet  Prandtl  number. 

If  no  dissociation  occured,  the  heat  transfer  rate 
for  fully  developed  flow  in  the  given  geometry  would  only 
be  a  function  of  inlet  temperature,  wall  temperature,  Hey- 
nolds  number,  and  Prandtl  number.  The  inlet  pressure  would 
not  enter  in  the  functional  relationship.  For  dissociating 
flow  the  pressure  is  an  important  variable  because  the 
amoiAnt  of  dissociation  in  the  test  section  increases  as  the 
iodine  pressure  is  decreased  for  a  given  iodine  temperatiare. 
The  effect  of  dissociation,  as  previously  mentioned,  is  to 
Increase  the  heat  transfer  rate. 

The  theoretical  curves  for  the  plots  shown  in  Fig¬ 
ure  11  can  be  calculated  using  expressions  for  laminar 
flow  with  a  fully  developed  velocity  profile  and  variable 
properties,  Density  variations  due  to  pressure  changes 
along  the  test  section  can  be  neglected  because  the  pres¬ 
sure  drop  is  small,  but  variations  due  to  temperature  change 
will  have  to  be  taken  into  accoupt, 

Tne  solid  lines  in  Figure  11a  show  qualitatively  the 
expected  variation  of  heat  transfer  rate  as  a  function  of 
wall  temperature  and  Reynolds  number  for  flow  with  no  dis- 
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soclatloK.  One  curve  of  q  vs.  should  be  obtained  for 
each  Reynolds  number,  independent  of  pressure.  For  a  given 
wall  temperature,  the  heat  transfer  coefficient  and  conse¬ 
quently  the  heat  transfer  rate  Increase  as  the  Reynolds 
number  Increases.  The  dashed  lines  in  Figure  ll-a  show 
the  effect  of  pressure  on  heat  transfer  rate  as  dissociation 
occurs.  V/hen  dissociation  occurs  the  heat  transfer  rate 
for  a  given  Reynolds  number  increases.  Dissociation  ef¬ 
fects  occur  at  a  lower  wall  temperature  for  lower  Reynolds 
numbers  because  the  iodine  temperature  in  the  test  section 
Increases  more  at  low  Reynolds  numbers  (flow  rates)  even 
for  lower  heat  transfer  rates.  This  fact  as  shown  in  the 
sample  calculations  for  the  cooling  section  in  Appendix 
B6.  The  dissociation  effects  start  at  lower  tempei'atures 
as  the  pressure  is  decreased  (see  Figure  12  in  Appendix 

Al).  Consequently  a  family  of  curves  of  q  vs.  t  is  ob- 

w 

tained  for  flow  with  dissociation  at  a  given  Reynolds  No. 

where  only  one  curve  is  obtained  for  flow  with  no  disso¬ 
ciation. 

Figure  11-b  is  another  vjay  of  showirig  the  effect 
of  dissociation  on  the  heat  transfer  rate.  The  solid  lines 
are  for  flow  with  no  dissociation  and  the  dashed  lines 
show  the  effect  of  dissociation.  For  a  given  wall  tempera¬ 
ture  the  Iodine  temperature  In  the  test  section  Increases 
more  at  lower  Reynolds  numbers.  Consequently  dissociation 
will  start  at  a  higher  pressure  at  lower  Reynolds  numbers. 
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Figure  11-b  is  plotted  for  just  one  wall  temperature.  As 
the  wall  temperature  Is  Increased,  the  curves  will  he  shift¬ 
ed  upward  and  to  the  left. 

The  experimental  heat  transfer  rates  can  be  checked 
with  the  theoretical  r^redictlons  based  on  laminar  flow  with 
variable  properties.  Heat  transfer  coefficients  can  then 
be  obtained.  If  the  experimental  heat  transfer  results 
are  in  good  agreement  with  the  theoretical  predictions,  the 
experimental  heat  transfer  coefficient  will  be  the  same  as 
that  calculated  theoretically.  The  experimental  heat  trans¬ 
fer  coefficient  can  also  be  determined  from  the  data  if 
some  assumption  is  made  about  the  temperature  distribution 
in  the  test  section.  When  dissociation  occurs,  the  heat  of 
dissociation  affects  ttie  heat  transfer  rats  and  also  any 
heat  transfer  coefficient  that  is  calculated.  Consequently, 
for  dissociating  flow  the  heat  transfer  coefficient  is  a 
function  of  this  added  variable  and  can  be  called  an  apparent 
heat  transfer  coefficient. 

This  suggested  presentation  of  results  is  not  necess¬ 
arily  complete.  As  experiments  are  made,  more  information 
will  be  obtained  and  a  better  understanding  of  the  pheno¬ 
mena  will  be  developed,  A  more  complete  method  of  presen¬ 
tation  of  results  can  then  be  worked  out. 


APPEWDIX 
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Bl.  CALCULaTIOMS  poh  model  in  a  free  jet 
The  raodel  considered  is  a  flat  plate  one  inch  wide 
and  three  inches  long  in  the  flow  direction.  Table  III 
(p.  15)  shows  the  values  obtained  for  radiation  losses  to 
a  guard  heater  froir  one  side  of  the  flat  plate  (assuming 
a  5°  temperature  difference)  and  for  convection  to  the 
iodine  flow  for  various  Reynolds  Numbers, 

For  the  calculation,  the  eqxaatlor.  used  for  de- 
terirlnlng  the  average  h  was  taken  from  Eckert  and  Drake  (3), 
P.  176. 

hx  '  /  ^  / 

— ^  =  0.332  P,  Re 
2k  ^  X 

where  properties  are  evaluated  at  t  =  —’wall  ^  fluid 

2 

Ihe  model  is  assumed  at  1500®P  and  the  entering  gas  at  400®F, 
ihen  -  Ha  (T  wall-  T  fluid)*.  I’he  radiation  heat  trans¬ 
fer,  assuming  an  euiissivity  of  one,  is  given  by  Co  =  ^A(T  n 

•R  *wan 

T'  \ 

guard  heater'" 
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B2.  test  section  heat  transfer 

NCiffiNCLATtJRE; 

Reference  is  made  to  the  various  components  of  the 
test  section  (see  Figure  4,  p.  19)  ;,?hich  will  be  referred 
to  as  follows: 

test  tube  «  3*  long,  diameter  tube  whose  wall  temp¬ 
erature  along  entire  length  is  to  be  kept 
at  a  constant  temperature  for  a  given  test* 
test  data  section  -  comprises  the  middle  12"  of  the  test 
tube* 

guard  heater  -  3>  long,  5"  diameter  tube  whose  wall  temp¬ 
erature  along  entire  length  is  to  be  kept 
at  the  test  tube  temperature, 
outer  wall  -  the  approximately  7"  diameter  tube  outside 

the  guard  heater  wnich  will  be  kept  at  400®F* 
OBJECTIVE:  / 

The  purpose  of  these  calculations  will  be:  (a)  to  in¬ 
dicate  that  the  heat  transfer  to  the  dissoclatlr^  gas  will 
be  of  sufficient  magnitude  in  comparison  with  radiation  and 
conduction  losses  from  the  test  data  section  to  allow  mean¬ 
ingful  measurements  of  the  electrical  input  to  the  heaters; 
and  (b)  to  determine  the  heater  power  requirements  along  the 
length  of  the  test  tube,  guard  heater,  and  outer  wall. 
MMAtion: 

It  is  desired  to  find  the  heat  loss  from  each  one 
inch  segment  of  the  test  tube  out  each  end.  The  maximum 
test  tube  temperature  of  1500°F  will  be  used  and  It  is 
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assiiiced  the  temperature  radiated  to  Is  400°P.  The  view 
vactor  taken  from  p,  398,  Eckert  and  Drake  (3)  ist 

=  h  h^+r^tl^ _  -1 

2  (h^+r^+D^-dr® 

Taking  a  sample  1  inch  long  element  of  the  test  tube  lo¬ 
cated  betvfeen  12  and  13  Inches  from  one  end,  the  view  fac¬ 
tor  becomes: 


P 

13  — i  3 


{12.5®+l®+l®)®-4xl® 


=  0.00056 


and  the  heat  loss  out  one  end  from  this  segment  assuming 
a  mazlmum  emiscivity  of  1  is  given  by: 


q  =4  P  ^  (T*  - 

^12-XS  X3-13  13-13  13—13 


T‘)  - 


X 


.00056  X  .171 


r. 1960x4  .860x41 

L'  100^  -'100^1 


BtU/u 


A  plot  of  q  in  /Hr,  for  each  one  inch  segment  along  the 
tube  length  is  shown  in  Figure  5  (page  22),  From  this  It 

is  estimated  that  the  radiation  loss  out  one  end  from  the 

♦ 

test  data  section  at  1500®P  is  approximately  3 


BADIAL  CONDUCTION; 

Insulation  (Santocel)  is  to  be  placed  between  the 
test  tube  and  the  guard  heater  to  cut  down  any  radial  con¬ 
duction  .that  would  oe  caused  by  inability  to  keep  guard 


heater  and  test  tube  at  exactly  the  same  temperature.  Assum¬ 
ing  a  6°F  temperature  difference, 

q  per  foot  of  length  =  =  0^02  (gnljs  _  «  7  ^tu 

In  Vn  In  V2  hr. 

For  guard  heater  requirements.  It  must  also  be  known  how 

much  heat  Is  transferred  between  guard  heater  and  outer 
wall* 

q  per  foot  of  length  =  =  5^02i2nl)_(^00-40^ 

In  ^Vri  In  Vs 


=  410 


Btu 

Hr. 


CONVECTION  TO  IODINE: 

Without  considering  the  effect  of  dissociation,  the 
magnitude  of  heat  transfer  to  the  iodine  was  determined  as 
follows  usir^i  the  expression  for  laminar  flow  In  a  tube 
entrance  region  taken  from  Eckert  and  Drake  (3),  p,  198, 

=  3.65  +  0»066e  (Vx)Ke^Pr 

1  +  0.04  (Vx)Rej^Pr 

where:  Nu  and  Pr  are  evaluated  at  T  =  T  +T 

wall  fluid. 

2 

and  the  Re  is  evaluated  at  and  Is  equal:  to 

4,140pV  where  p  is  in  atmospheres  and  V  in  ft. /sec. 

This  results  in  the  following  E  Values  for  various  Reynold's 

No's,  with  the  wall  at  ISOQop  and  the  entering  iodine  at 

400®P. 
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He  hdst  foot)  h(2  ft.)  no  ft.)  h diddle  foot)  h (end  foe 
8,070  O.ea  0.17  0.18  o.ls  0.11 

*14  0.14  0.11  0.093  0.08  0.07 

4  0.073  0.072  0.07  0,07  0.07 

Assuming  a  constant  temperature  difference  between  the  streaa 
and  the  tube  walls  for  the  given  values,  q  for  the  middle 
foot  (the  test  data  section)  will  range  between  66  and  40  ®‘“/hr. 
for  Reynold ’s  Numbers  of  2,070  and  4  respectively. 

To  determine  the  maximum  heater  input  necessary,  the 
heat  transfer  to  the  gas  at  the  Heynold's  No.  of  2,070  from 
each  Of  the  three  one  foot  sections  Is  determined  using  the 
h  values  from  the  above  table  and  the  formula  q  -  EaaT. 

These  q  values  are  127,  69,  and  63  B‘“/Hr.  respectively  for 
wall  at  1500»P  and  gas  at  400-?.  For  heater  Input  values. 

twice  this  magnitude  will  be  allowed  to  make  allowance  for 
dissociation. 

These  values,  as  well  as  those  of  radiation  and  con¬ 
duction  loss,  are  shown  as  a  fiam^tlon  of  test  tube  position 
in  Figure  7  (page  27), 

AXIAL  CONDUCTION; 

An  extra  amount  of  power  will  have  to  be  supplied 
to  the  heaters  at  the  two  ends  of  the  test  tube  to  account 
for  axial  conduction.  Using  the  maximum  temperature  differ¬ 
ence  between  test  tube  temperature  and  wall  tempe.-ature  at 

the  seal  (1500  -  SOOop) ,  ^nd  using  a  based  upon  the 

AX 
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nozzle  length, 

q  =  kA  §  =  AT_  ^  1^0 

q  =  420 


Z.Q?AL  MAXIMUM  POWErt  TO  TEST  SBCTIOKi 

Excluding  the  small  power  needed  for  the  heating 

tapes  around  the  outer  wall,  the  maximum  requirements  are 
as  follows: 


^ J  *^0  test  tube ; 

Hadiation  heat  loss  out  2  ends  from  test  tube  1100^ 

hr. 


Hadlal  conduction 
Convection  to  Iodine 

Axial  conduction  at  test  tube  ends 
^-g^ard  heater; 

Hadlal  conduction  to  cooler  outer  wall 


negligible 

OytrsHtU 


Total  Maximum  =  3280^^ 
Power  To  Test 
Sec  t ion 


«  1  kw 
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B3,  SAiXPLE  CALCULATION  FOR  EFFECT  OP  IODINE 
DISSOCIATION  ON  HEAT  TRANSFER 

It  is  desired  to  determine  the  magnitude  of  heat 
transfer  with  Is  dissociating  to  21  in  the  laminar  bound¬ 
ary  layer  to  compare  it  to  heat  transfer  with  no  dissocia¬ 
tion.  No  references  on  Internal  flow  with  dissociation  were 
known  for  calculation  purposes  so  a  reference  on  external 
flow  was  used  for  an  order  of  magnitude  calculation. 

The  equation 

Vq »  =  1  +  (  N<i-N/o  j 

C  Sc  Nm  Tl-T 

o 

by  Altman  and  Wise  (2)  gives  the  ratio  of  heat  transfer  with 
chemical  reaction  to  heat  transfer  with  no  chemical  reaction. 
In  this  eqiiatlon 

q  =  heat  transfer  with  no  chemical  reaction 

q'=  heat  transfer  with  chemical  reaction 

Q  =  heat  of  reaction  per  mole  of  diffusing  species 

Pr= 

k 

C  =  K  Cp  where  C^  is  the  average  specific  heat  and  M 
the  average  molecular  weight 

So=  H- 

^  PD 

0  =  diffusion  coefficient 
(  )l=  diffusing  species 
(  )i=  edge  of  laminar  layer 
(  )o=  property  at  wall 
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The  diffusion  coefficient  for  Is  and  I  vapor  could 
not  be  determined  from  present  sources  of  iodine  properties, 
therefore  the  ratio 

^/Sc  was  assumed  to  be  1, 

For  =  1000®!^ (1.340 op)  and  Tl  =  500®Jf (440°P)  and 
an  iodine  pressure  of  0,01  atmospheres  the  mole  fraction 
of  Is  dissociated  is  0,23  at  the  wall  and  0  in  the  free 
stream.  The  other  iodine  properties  calculated  from  values 
tabulated  by  Eastman  (l)  areS 

C  =  K  Cp  =  7,982  —  -  - — 

gm  mole®lC 

Q  =  18260  - - 

gm  mole  I 

v;ith  the  above  properties  the  ratio 

q 

q  f  ~  10,15  showing  that  dissociation  can  Increase 
the  heat  transfer  appreciably. 
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B4,  PHESSUiiE  DHOP  CHARACTEHISTICS 

System  pressure  drop  characteristics  are  calculated 
for  the  following  components: 

10  feet  of  6  inch  pioe 
4-6  inch  elbows 

15  inches  of  6  inch  Internally  fipped  pipe,  the 

equivalent  aiancter  Is  ly  =  1.91  i„ches  (see 
Appendix  ^6.),  ^ 

3  feet  of  2  inch  pipe 
1“6  X  2  inch  nozzle 
1-2  X  6  inch  diffuser 

Calculations  are  based  on  average  temperatures  of 

1000«K  in  the  tuo  Inch  pl^  and  aoovp  m  the  si.  ir.h  pipe 
and  Is  vapor  only. 

The  head  loss  for  the  system  In  feet  of  iodine  vapor 


e  -  — 


H 


jj  ells 


+  (f 


^f  *)  a  +  c 
D 


n  +  1 


— )  7 

U  ®<J/ 


+  ^  X 


where 


D  'ells  -  a"  equivalent  length  of  straight  pipe 
to  compensate  for  elbow  losses 

D  'eq  -  en  equivalent  L/D  based  on  Deq  =  1.91  ihcl 

"n  ec=  coefficients  for  the  notsle  and  dlff, 
ser  respectively 
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For  comparison  with  fan  characteristics  It  Is  help¬ 
ful  to  change  the  head  loss  to  Inches  of  water  based  on 
Standard  air  density.  The  conversion  Is 

H  =  H  *  iSPstd 
®  *  PH2O 

Tae  flow  Is  laminar  everywhere,  therefore 


Using  this  expression  for  f,  the  continuity  equation 
the  definition  of  Keynolds  number,  and  the  perfect  gas  law 

for  iodine  vapor,  the  expression  for  head  loss  can  be  re- 
arranged  to  give: 


The  values  used  In  this  equation  are 
Pstd  =  0.075  ^Vft® 

PHaO  =  62,4 

—  2,46  X  10  ^  ^^/sec  ft 
U.«  =1,67  X  10*^  ^^/sec  ft 

A 

0^ells=  4(12)  =48 

=  0,04 
Cj)  =  0.58 
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i  ^  ) 

B  ells*  °n»  and  were  obtained  from  reference 
(4)  and  the  iodine  properties  from  reference  (l). 

Using  these  values  the  head  loss  is 


%  =  5.36  X  10' 


^  fl950  +  Be^ 


where  H  is  in  inches  of  water  and  P  4-v,  « 

e  ui  warer  and  P  is  the  iodine  pressure 

in  atmospheres. 

The  volumetric  flow  rate  is 


Q  =  Vs 


vDs^ 

4 


or  after  rearranging 

Q  =  8.09  X  10“^  2ea 

^  where  Q  is  in  cubic  feet  per 

minute  and  p  la  Iodine  pressure  In  atn^oapheres . 

She  pressure  drop  eharacterlstles  for  the  aysten,  were 
lated  from  these  ee.uatlor.s  for  Beynolds  numbers  In  the 
lamlttir  range  and  pressures  between  1  and  0.001  atmospd.eres. 
he  results  are  plotted  In  Figure  8  (page  34) . 

The  fan  eharacterlstles  were  obtained  from  Bulletin 

Propellalr  Dlrialon,  Bobbins  and  Kyera,  Ino.,  Spring- 
field,  Ohio. 
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B5.  FLEXIBLE  COUPLING 

The  need  for  a  flexible  coupling  is  shown  by  a  cal¬ 
culation  for  the  difference  In  ther^l  expanclon  of  the  teat 
section  (316  stainless  steel  at  ISOO-P)  and  an  equal  length 

Of  6  inch  pipe  (low  oarbon  steel  at  400«P)  on  the  opposite 
Side  of  the  loop. 

The  change  in  length  is: 

~  ^  (T  -  T^) 

^or  the  test  section 
~  inches 

^  -  8.9  If  in'"®  in  ^ 

in®F  stainless  steel 

T-To=*  {1600‘-S0)  =  14gO®F 

Then 

AL  a  0,455  inches 

?or  36  inches  of  6  Inch  low  carbon  steel  pipe 

•<  =  6.6  X  10~®  In 

in®F 

T-T^=  400-80  =  320 ®P 

AL  =  0.076  inches 

The  difference  betw#>#>n 

between  the  expansion  of  the  two  sides 

is  then  0.379  inches. 
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B6.  COOLIMG  SECTION 

For  steady  flow  the  amount  of  heat  that  must  be  re¬ 
moved  from  the  lodlre  vapor  after  It  leaves  the  test  section 

is  equal  to  the  amount  of  heat  transferred  to  the  Iodine  In 
the  three  foot  test  section. 

^  ~  I  I  amount  of  heat  transferred 

I  ^  to  the  Iodine  in  the  test  section 

ir^  is 

q  =  KA 

where  A  =  ttDL 

and  )  “  (T^^-Ti ) 

^  j  *  Vfl 


-ft-/ 


This  is  equal  to  the  heat  absorbed  by  the  fluid  which  Is 
q  =  w  Cp(T2  -  Ti) 

Using  these  equations  and  the  expressions  for  Key- 

nolds  number,  Prandtl  number,  and  husselt  number,  the  follow. 

in^  two  equations  can  be  derived  for  constant  gas  properties. 

4Nu  /D 

Ta  =  -  (T^-Ti)e‘’"Ri^ 


q  -  ^  fiePr  k(Ta-Ti) 

(B) 

All  calculations  in  this  section  are  made  for  la 
gas  assuming  no  dissociation.  Average  property  values  are 
taken  for  I,  gas  corresponding  to  a  temperature  of  approxl- 
Oately  600«P.  The  assumed  values  which  are  used  are 
k  =  0.0026 


Pr  =  0.950 
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The  dimensions  of  the  test  section  are 
L  =  3S  inches 
D  =  2  Inches 

The  mean  Nusselt  number  for  laminar  gas  flow  in  a  tube  Is 
a  function  of  He,  Pr,  and  |  .  The  mean  Nusselt  numbers 

for  uhese  calculations  are  taken  from  a  plot  of  Su  versus 
RePr  _ 

L/D  flow  by  Kays  and  London  (5). 

For  the  following  assumed  conditions 
T^=  1500 

Ti  =  450®P 
He  =  200 

calculations  yield 
HePr  -I  ^ 

“X^Tj  =  10.66 

Nu  =  4.1  (aE£uir.iEg  parabolic  velocity  distribution 
for  low  fie  in  test  section) 

Ts  =  1£78°P 

q  =  51.6  ^^VHr. 

For  the  same  and  T,  and  He  =  2000  similar  calcu¬ 
lations  yield 


Nu  -  10  (assuming  Iar«haar  velocity  profile  because 

« 

the  flow  won't  be  fully  developed  for  Be=2000 
To  =  782°P 
q  =  206  ®^7Hr. 

Tne  most  heating  occurs  at  high  fieynolds  numbers  for 
given  inlet  and  wall  temperatures,  consequently  more  cooling 
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n>ust  be  obtained  for  these  conditions.  P'or  a  test  section 
Reynolds  of  20Cr  the  Reynolds  number  In  the  six  inch  pipe 
is  approximately  666  as  He  for  constant  flow  rate  and 

onsta.it  vi^co^-itj.  The  length  of  six  inch  pipe  at  400°? 

required  to  cool  the  Iodine  vapor  from  782°F  to  450°?  when 

the  test  secticr  Reynolds  number  is  2000  is  calculated  as 
follows :  . 

q  =  hnDL 

or  after  rearranging 


L  = 


tiKu  k  <4T 


LM 


NoEierical  calculations  yield 
Uu  =  4.6 
R  =35  feet 

This  length  or  six  Irch  pipe  Is  not  avallsble  In  thp  apparatus 
therefore  .sore  special  coolliig  section  Is  necessary.  Even 
If  the  walls  were  cooled  to  260-F,  the  temperature  high 
enough  to  prevent  iodine  sollclf Icatlcn  at  any  pressure 
less  than  0.1  strnospheros ,  the  length  of  pipe  required  for 
cooling  is  18.9  feet.  Even  this  length  of  pipe  Is  more 
than  that  avallaole  Ir.  the  apparatus  (approximately  15  feet). 

To  provide  more  heat  transfer  surface  with  a  mini¬ 
mum  pressure  drop  longltudlrjal  fins  will  be  welded  In  the  15» 
long  horizontal  piece  of  six  Inch  pipe.  Eighteen  fins,  nine 
1.5  Inches  long  and  nine  0.75  inches  long,  can  be  welded 
inside  a  piece  of  6  Inch  pipe.  If  welding  construction  were 
possible,  additional  fins  could  be  added  since  the  fin 
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effectiveness  Is  shown  to  be  nearly  one. 

The  cooling  that  can  be  obtained  with  the  above 
mentioned  cooling  section  (see  Figure  10,  page  47)  is  cal¬ 
culated  as  follows:  (I)  The  cooling  before  the  finned  sec¬ 
tions  is  calculated  to  obtain  Ts  and  the  q  between  2  and  3; 
(II)  The  cooling  in  the  finned  section  is  calculated  using 
an  equivalent  diameter  and  equivalent  Reynolds  number  to 
obtain  T4  and  q  between  3  and  4; (lII)The  length  of  six  inch 
pipes  required  to  do  the  rest  of  the  cooling  is  calculated. 

For  a  test  section  Reynolds  number  of  2000  the 
cooling  that  can  be  obtained  between  2  and  3  with  a  wall 
temperature  of  400®P  is 

q  =  12.4  ana 

Ts  =  762®F 

For  the  finned  section  the  equivalent  diameter  Is 


defined  as 


Ceq  = 


-Cross  sectional  area 
wetted  perimeter 


For  nine  fins  1.5  inches  long  and  9  fins  0.75  inches  long 
I>eq  =  1.91  Inches 

=  212 
U- 


Nu  k 

D 

eq 


=  0.0728 


hr  ft*®P 
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The  fin  effectiveness  Is  defined  as 

and  1  =  fin  length 
<r”  =  fin  thickness 
k  =  fin  conductivity 
h  =  heat  transfer  coefficient 
For  a  steel  fm  with  1  =  l.s  irehes,  o.lgs  leches. 

F  =  85  /hr  ft»P  ,  and  a  heat  transfer  coefficient  H  = 
0.072S  /hr  ft®®P  the  fin  effectiveness  Is  0,96",  It 
Shall  he  assumed  eqaal  to  1  for  all  calculations. 

The  cooling  between  3  and  4  Is  calculated  using 
equation^  (a)  and  (S)  .  Por  a  wall  tenperature  of  400“P 
sufficient  cooling  caruiot  be  obtained  in  the  finned  sec¬ 
tion.  If  the  wall  tenperature  In  the  finned  section  Is 
reduced  to  250»P  the  cooling  that  can  be  obtained  Is  150#^^ 

for  Re^^  =  212  and  Ta  =  762«F.  The  amount  of  cooling  that 
must  be  obtained  after  the  flra-.ed  section  Is  then  only 
43.6  /Hr.  The  length  of  six  Inch  pipe  at  250«P  required 
to  do  this  last  amount  of  cooling  Is  only  3,2  feet,  an 
amount  which  Is  available  In  the  apparatus. 


Tunnel 


NOMENCMTUHE 


A 

D 

f 

P 


»e 

k 

L 

P 

q 


Q 


R 

T 

AT 

V 


LM 


w 

Re 

Pr 


Hu 

ex 


area 

specific  heat 

diameter 

friction  factor 

radiation  view  factor 

average  heat  transfer  coefficient 

head  loss 

thermal  conductivity 

length 

pressure 

heat  transfer  rate 
volumetric  flow  rate 
gas  constant 
temperature 

log  mpan  temperature  difference 

velocity 

mass  flow  rate 

Reynolds  number  (  ) 

Prandtl  number  (fg: ) 

k 

average  Nusselt  number  ~ 

k 

coefficient  of  thermal  expansion 


p  mass  density 

Boltzmann  constant 
M.  viscosity 

Subscripts 


( 

)  2 

refers 

to 

two 

inch 

diameter 

( 

)  S 

refers 

to 

six 

inch 

diameter 
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